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ABSTRACT 
Cast aluminium alloy components are being increasingly used in transport applications 
where they may experience cyclic in-service loading. A quantitative prediction of 
fatigue performance is required during the component design stage to ensure 
components have the necessary lifespan at minimum weight. A multiscale, through 
process modelling methodology was developed to calculate fatigue life of cast 
aluminium alloy components. This technique first predicts the microstructure and 
porosity formation during casting. These features are then tracked through the 
subsequent processing steps of heat treatment and finish machining where the residual 
stresses are predicted. Finally, all of this informafion is passed to a model for the 
prediction of the component's in-service performance. The final fatigue behaviour is 
then predicted as a function of the microstructural features, the residual stress state, 
and the cyclic in-service loading. To test this methodology, the fatigue life of an A356-
T6 automotive wheel was predicted and then validated experimentally. 
Prior authors have found that pores dominate fatigue life in cast A356-T6 if their size 
is larger than the secondary dendrite arm spacing. The pore size distribution (and 
secondary dendrite arm spacing) in the A356 wheel formed during casting, the first 
processing step, was predicted using model-based consfitutive equations run within a 
validated macroscopic heat flow model of the process. These results were validated 
using x-ray microtomography. 
During heat treatment, the second processing step, large residual stresses evolve in the 
wheel during quenching. These stresses were predicted using a two-stage thermal 
stress model. The results were found to be sensitive to the flow stress data of the A356 
alloy. Therefore, the inelastic behaviour in the as-solutionised condition was measured 
as a function of temperature and strain rate. Using the measured data significantly 
improved residual stress predictions. The release of residual stress during the third 
processing step, machining, was then determined. 
The influence of both microstructural features and residual stress state was 
incorporated into the in-service model for final fatigue life prediction. This infiuence 
was quantified using x-ray microtomography of interrupted fatigue test specimens. 
Local stress concentration analysis was performed to determine the effect of 3D pore 
characteristics upon fatigue damage evolution. 
Applying the full multiscale, through process model to the A356-T6 wheel, the 
location of fatigue crack initiation and fatigue life were accurately predicted. Fatigue 
life was most influenced by applied loads, followed by pore size and then residual 
stresses. 
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1 INTRODUCTION 
Chapter I Introduction 
There is a global drive to produce lighter transport vehicles to improve their fuel efficiency and thus reduce environmental impact. One of the main 
methods of achieving this goal is by replacing cast or wrought ferrous alloys 
with high strength-to-weight ratio cast aluminium alloys in automotive components, 
especially in unsprung and rotating parts (e.g. wheels). The cyclic nature of in-service 
loading in some applications makes fatigue performance a key design consideration. A 
predictive tool for fatigue life is thus required to assist the component design. The 
fatigue strength of a component is intrinsically determined by the alloy composition, 
the microstructural features, and the presence and size of defects (Caton et al., 2001; 
Wang et al., 2001a; Yi et al., 2003). Extrinsic factors such as the cyclic stress 
combining both residual stresses and in-service loading also significantly influence 
fatigue life. Therefore, the required predictive tool should track the manufacturing 
process and in-service operation to predict the final fatigue behaviour of the 
component; such a tool is termed 'through process modelling'. 
The manufacturing route for cast aluminium alloy components typically comprises 
casting, heat treatment (including solution, quenching and artificial ageing) and 
machining. Microstructure and defects formed and altered during these processes 
impair the structural homogeneity and are often responsible for fatigue crack initiation. 
Pores at or close to the specimen surface are the most detrimental; however, the 
mechanism governing how pores influence fatigue damage evolution in three 
dimensions (3D) is not fully understood. Mechanical factors such as the residual stress 
evolve and re-equilibrate at each processing stage. The combined effect of both 
residual and applied stresses generates a complex local cyclic stress state; however, 
predictions of the residual and applied stress are often preliminary and thus inaccurate 
due to a lack of appropriate material properties and experimental validations. 
Moreover, very few investigations have been reported on how microstructural features 
were related to local stress state to assess fatigue behaviour with regard to component 
design. 
In the present study, a validated, multiscale through process model is presented for the 
prediction of fatigue performance in aluminium alloy castings, using an A356-T6 
automotive wheel as an example. The methodology is based on a preliminary concept 
for through proccss model in both aluminium (Maijer et al, 2004) and nickel (Tin et 
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ai, 2005) alloys, where the microstructure is predicted and tracked through the various 
processing steps and coupled with the local stress state to estimate the final in-service 
performance of the component. The work was expanded in several significant ways: i) 
a fundamental investigation was performed on how porosity influences the fatigue 
crack evolution, ii) a residual stress model was developed, iii) the in-service cyclic 
stress/strain was predicted to calculate fatigue behaviour for a cast aluminium alloy 
component and iv) experimental work on different scales was conducted to validate 
individual process submodels and the full through process model. 
A literature review is presented in Chapter 2 which describes the background of 
through process modelling. Emphasis is put on the mechanism of fatigue behaviour as 
well as microstructure and residual stress evolution during manufacturing steps. 
Multiscale through process modelling methodology is briefly reviewed. 
In Chapter 3, fatigue crack growth and its interaction with porosity in A356-T6 
interrupted fatigue test specimens are investigated using x-ray microtomography 
(XMT). Finite element analysis on both idealised and XMT-based geometries is 
employed to illustrate how pores influence the evolution of fatigue damage. 
Chapter 4 describes a themio-mechanical model to predict the residual stress 
distribution in the A356-T6 automotive wheel by accounting for the T6 quench 
operation and material removal during finish machining. The measured flow stress of 
A356 alloys in the as-solutionised state is incorporated in the model; and sensitivity 
analysis is studied using flow stresses in various conditions. The simulated residual 
strains are compared with experimental measurements. 
Chapter 5 first predicts the microstructure and defects fonned during casting, followed 
by predictions on cyclic stress distribution in the wheel during a bending fatigue test. 
The fatigue performance of the wheel is assessed using the through process modelling 
approach. The predictions of microstructural features, cyclic strain and fatigue 
behaviour are validated against measurements. 
A comprehensive analysis of through process modelling is presented in Chapter 6. 
This allows the interaction of the key factors (porosity, secondary dendrite arm spacing, 
residual stresses, and applied loads) to be quantified. 
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Conclusions are drawn in Chapter 7, followed by recommendations for future work. 
- 4 
2 LITERATURE REVIEW 
Chapter 2 Literature Review 
In transport applications, components manufactured from cast aluminium alloys offer an improved strength-to-weight ratio, and hence better fuel efficiency 
relative to ferrous alloys. However, such cast components are often subjected to 
cyclic loading requiring that their fatigue behaviour be assessed, which is a complex 
function of both the effect of the entire manufacturing route and in-service loading. 
Extensive experimental and numerical investigations have been conducted to study 
how fatigue resistance is affected by microstructural and mechanical factors (Caton et 
ai, 2001; Yi et a/., 2003; Lados et al, 2006). Predicting fatigue performance is 
therefore a key issue in the design of cast aluminium alloy components. In this chapter, 
the fundamentals of fatigue and its relationship to microstructural and mechanical 
factors arising from the manufacturing route will be briefly reviewed, followed by a 
description of a novel methodology termed 'through process modelling' (TPM) to 
predict fatigue life. 
2.1 Processing Chain 
Keeping the weight of unsprung rotating components low is critical for fuel efficiency 
in transport vehicles. Cast aluminium alloys are the current material choice for such 
components as A356-T6 automotive wheels; hence the wheel is chosen as the example 
component investigated in this thesis. The component usually has a complex geometry 
and must fulfil multiple design criteria: light weight, high strength, good fatigue 
behaviour, and visual aesthetics. Automotive wheels cast in an A356 aluminium alloy 
and T6 heat treated fulfil these criteria. Such wheels are typically produced using low-
pressure die casting (LPDC), followed by rough machining prior to a T6 heat treatment. 
Once heat treated, final machining is performed to satisfy dimensional requirements 
and a multistage paint process is employed to give the desired colour and surface finish. 
The evolution of material properties during the various processing steps is summarised 
in Table 2.1. 
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Table 2.1 Steps in the processing/service chain, the conditions applied and 
resulting properties that must be tracked. 
Manufacturing Route Conditions Applied Resulting Properties 
Casting Thermal Cycle 
Phase Change 
Microstructure ( , 
eAz) 
Defects (Porosity, Fe 
Intermetallics, etc.) 
• Microsegregation 
• Residual Stress 
Rough Machining • Material Removal • Residual Stress 
Heat Treatment • Thermal Cycle • Homogenisation 
• Residual Stress 
• Yield Strength 
Final Machining • Material Removal • Residual Stress 
Paint Bake • Thermal Cycle • Residual Stress 
• Yield Strength 
In-service • Cyclic Loading • Fatigue Resistance 
• Stress-strain Curve 
Numerous studies (Couper et al., 1990; Skallerud et al., 1993; Nyahumwa et al., 2001; 
Wang et al., 2001a; Boileau et al., 2003) have focused on detennining the effects of 
each of the individual processing steps on the fatigue behaviour of cast aluminium 
alloys in order to optimise the separate manufacturing parameters and ultimately to 
improve fatigue life. The processing step and fatigue property coirelations are 
determined by microstructural features, defects and residual stresses induced or altered 
in processing steps, as summarised below for A356. 
Casting: The solidification behaviour during the casting process defines the initial 
microstructure and defect distributions. Microsegregation, although partially 
homogenised during the heat treatment, can reduce the yield strength and thus 
diminish fatigue life (Wang et al., 2001b). Pores formed at or in close proximity to the 
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surface can act as crack initiators in the final component (Ting et al, 1993; Major, 
1998; Wang et al., 2001a; Yi et al., 2003). 
Rough Machining: Rough machining following casting is performed to remove 
flashing and to control section thicknesses for reduction of thermal gradients during 
heat treatment. Residual stresses resulting from the casting process can be relieved to 
some extent by rough machining. 
Heat Treatment: The T6 heat treatment process is used to improve the mechanical 
properties of A356 alloy components. It consists of a solutionising/homogenising stage 
where the component is raised to a temperature of approximately 540 °C to first bring 
the alloying elements into solution (solutionising) followed by a holding period for 
diffusion to reduce microsegregation (homogenising). The component is then 
quenched in water to obtain a supersaturated solid solution. This step is followed by an 
artificial ageing step at approximately 180 °C, allowing nucleation and growth of Mg-
Si precipitates, thereby maximising the yield strength. 
During solutionising, the residual stresses arising from the previous manufacturing 
steps (casting and rough machining) should be completely relieved due to the 
relatively high temperatures and long times (Bellini et al., 2006). However, during the 
rapid quench after solutionising, large thermal gradients occur at high temperatures, 
causing large thermal strains and resulting in severe plastic deformation. This results in 
residual stresses which are compressive near the surface and tensile in the core. The 
residual stresses formed during quench are detrimental for two reasons; i) they will 
affect the stress state of the final component, altering fatigue life (Aimer et a!., 1998; 
Webster et al., 2001); and ii) they can cause distortion. These residual stresses may be 
partially relieved during the ageing treatment (Robinson et al., 2003). 
Final Machining: Final machining is performed to achieve dimensional accuracy and 
to provide clean machined surfaces for aesthetic puiposes. However, the removal of 
the thin layer of compressive surface material can result in tensile stresses at the 
surface in the final component and may expose larger subsurface porosity further 
affecting fatigue perforaiance. The reduction in section thickness may reduce the 
harmful peak tensile residual stress in the centre. Distortion can also occur during the 
finishing operations due to uneven release of these stresses. 
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Paint Bake: During the subsequent muhistage paint bake, thermal cycles are applied. 
These may also reduce the residual stress levels like ageing, but they only have a 
minor effect. 
In-service: The cyclic loading during service is combined with the residual stress to 
produce a complex multiaxial cyclic stress state. These local stresses determine the 
driving force for fatigue crack initiation and growth. 
In summary, each of these stages affects the component's fatigue life during service. 
Hence, an accurate model to predict fatigue performance requires knowledge of the 
entire manufacturing history and the resultant evolution of microstructure, internal 
stress and mechanical strength. One way of doing this is to adopt a through process 
modelling methodology tracking the microstructural features and defects to the local 
stress state arising from both residual stresses and in-service cyclic loads. 
In order to achieve this goal, two questions regarding the TPM methodology arise. 
Firstly, how is the fatigue behaviour of cast aluminium alloys affected by both the 
microstructural (e.g. defects) and mechanical (e.g. residual/cyclic stress) factors 
evolved from the manufacturing route and service loading? Secondly, how can a 
multiscale TPM methodology be implemented to integrate various parameters existing 
on different length scales? The following sections will briefly review the prior work on 
these two issues covering theoretical, experimental and computational aspects. 
2.2 Fatigue Behaviour 
According to Suresh (Suresh, 1998), fatigue damage evolution consists of four 
important stages; i) microcrack initiation, ii) microcrack propagation and coalescence, 
iii) macrocrack propagation, and iv) final fast fracture. Each stage of the fatigue 
process can significantly influence the fatigue performance in cast aluminium alloys, 
depending on the applied stress level and the microstructural features (Caton et al, 
1999; Nyahumwa et a!., 2001). At a lower applied stress level, small cracks arrest 
within certain region (e.g. eutectic) for long periods before resuming growth. At higher 
stress intensities, the large plastic deformation zone at the crack tip may encompass 
dendrites and grains; therefore the crack advances through these microstinctural 
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features due to the high crack tip driving force (Lee et al., 1995; Gall et al, 2000b). 
The following sections focus on the microstructural effects on steps i) and ii) since 
they are the most important stages in crack evolution of aluminium alloys. 
2.2.1 Crack Initiation 
Fatigue crack initiation is a localised process due to the heterogeneous nature of the 
microplastic strain of various microstructural inhomogeneities. Fatigue cracks usually 
initiate along persistent slip bands, at either broken or debonded constituent particles 
or at grain boundaries. The formation of persistent slip bands is influenced by the size, 
distribution and number of defects and microstructural features, which significantly 
depend on the melt quality and casting conditions (Flemings, 1974; Campbell, 2003). 
Cast aluminium alloy components often contain a large variability in coarse 
microstructures and potential defects (Argo et al., 1988; Campbell, 1988; Sigworth, 
1991; Samuel et al., 1995; Caceres et al., 1996; Boileau et al., 2003). The potential 
features responsible for fatigue crack initiation in cast aluminium alloys have been 
identified from fracture surfaces; these features include porosity, oxide films. Si 
particles and Fe intermetallics, with a few examples shown in Fig. 2.1 (Nyahumwa et 
al., 2001; Wang et al., 2001 a; Yi e/ al., 2004). 
Many studies (Skallerud et al., 1993; Ting et al., 1993; Savelli et al., 2000; Buffiere et 
al., 2001; Boileau et al., 2003) have found that a large pore near or at the specimen 
surface can be one of the most detrimental microstructural features affecting the 
fatigue resistance of cast aluminium silicon alloys, as it acts as an effective crack 
initiator. Experimental observations on fracture surfaces of cast W319 (Caton et al., 
1999; Boileau et al., 2003) and A356 (Stanzl-Tschegg et al., 1995) alloys have shown 
porosity to be the main factor influencing crack initiation due to the high stress/strain 
concentration induced by the pores (Gao et al., 2004a). Simulations (Gall et al., 2001) 
have shown that the driving force for fatigue crack initiation from a pore is two orders 
of magnitude larger than that of a bonded inclusion of the same size; however, the 
morphology of a pore has a negligible effect on fatigue crack initiation compared to 
the pore size. 
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Fig. 2.1 Fracture surfaces in A356-T6 alloys showing fatigue cracks 
initiating from: (a) a pore near the surface (Wang et al., 2001a), (b) a young 
oxide film (Nyahumwa et al., 2001), (c) Si particles (Yi et ai, 2004), and (d) Fe 
intermetallics (Yi et al., 2004). 
The fatigue properties can be improved by reducing or eliminating the porosity in cast 
aluminium silicon alloys. For example, hot isostatic pressing (HIP) can significantly 
increase the fatigue life in aluminium casting (Wang et al, 1998; Rich et al., 1999; 
Nyahumwa et al., 2001). There seems to be a critical pore size, below which other 
microstructural features such as Si particles and Fe intermetallics are the main crack 
initiation sites. It has been reported that pores with a length of less than the secondary 
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dendrite arm spacing did not significantly reduce the fatigue life of A356 castings 
(Wang et al., 2001a; Yi et al., 2004). 
Large oxide films, when present at or near the specimen surface, could replace pores as 
active sites for fatigue crack initiation (Zhang et al, 1999; Gall et al., 2000b), although 
HIP treatment can deactivate these films (Nyahumwa et al., 2001). The formation of 
Fe intermetallics due to presence of the iron in the melt can generate high stress 
concentrations, thus facilitating crack initiation and decreasing the ductility of the 
castings (Caton et ai, 1999; Gao et al, 2004b; Yi et al., 2004). Si particles in 
aluminium silicon alloy castings may also initiate fatigue cracks in the absence of 
more severe defects (e.g. large pores or oxides) (Shiozawa et al., 1997), either by 
cracking Si particle at high local stress or debonding at the interface with aluminium 
matrix at low cyclic strain ranges (Gall et al., 2000b; Gall et al., 2001; Han et al., 
2002). However, these effects on fatigue crack initiation are secondary to porosity. 
2.2.2 Small Crack Propagation 
When the crack size is comparable to the characteristic length scale in the 
microstructure, the crack propagates much faster than the predicted rate based on the 
Paris law, which is for long cracks (Newman Jr et al., 1999; Caton et al., 2000; Savelli 
et al., 2000; Toda et al., 2004). The driving force for the small crack propagation 
depends on the microstructural features in the region of crack initiation (Trantina et al., 
1984; Fan et al., 2003). Various studies have been carried out to investigate the 
mechanical effect of modified Fe intermetallics (Gall et al., 2000b) and Si particles 
(Shiozawa et al., 1997; Gall et al., 1999) on small crack growth routes in cast 
aluminium alloys. Si particles have been found to be debonded from the surrounding 
aluminium matrix or fractured, depending on i) the size and orientation (i.e. major axis 
direction relative to crack plane) of the particle and ii) the driving force, as illustrated 
in Fig. 2.2 (Gall et al., 1999). Small cracks were also observed to interact with grain 
boundaries (Buffiere et al., 2001). At low stress levels relative to yield strength, small 
cracks can be stopped by grain boundaries; at high stress levels, they can pass straight 
through. 
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Fig. 2.2 Schematic of the fatigue crack process through the Si particle rich 
eutectic regions in A356-T6 alloys at low and high crack tip driving forces 
(ChUle/aA, 1999y 
Linear elastic fracture mechanics is not appropriate to describe small crack propagation 
because it is difficult to account for the influence of microstructural heterogeneities 
such as Si particles, Fe intermetallics and grain boundaries on crack closure. Several 
small crack growth laws have been proposed to predict the small crack behaviour in 
cast aluminium alloys. Based on crack closure effects, one concept used an elasto-
plastic stress intensity factor range ( ) to address the role of constrained 
microplasticity around debonded particles or pores (McDowell, 1997; Newman Jr et 
al, 1999; McDowell et al, 2003; Lados et al, 2004). Lin and Smith (Lin et ai, 1999a; 
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Lin et al., 1999b) employed the stress intensity factor [K) to investigate the semi-
elliptical crack growth increments of surface cracked plates, which were used to 
predict fatigue life. 
Another approach used the cyclic stress range rather than the stress intensity range. 
This approach assumed crack propagation rate ( d a / dN) to be proportional to the 
plastic zone size at the crack tip (Nisitani et ai, 1992; Shiozawa et al., 1997), allowing 
correlation of the small crack propagation rate to crack size (a) and far field stress: 
(fa 
— C 
/ A" O", 
(2.1) 
where cr, is the stress amplitude, represents the yield stress or ultimate tensile 
strength of the material, while n and C are the material constants. Using an 
interrupted fatigue test method and replication of the specimen surface, Caton et al. 
(Caton et al., 1999; Caton et al., 2001) found that the small crack growth in cast 
W319-T7 alloys can be effectively characterised as a function similar to Eq. (2.1); 
(fa 





where is the peak tensile strain during the loading cycle, and C,, 5 and t are 
empirically determined constants (Fig. 2.3(a)). For cast A356-T6 alloys , Yi et al. (Yi 
et al., 2003; Gao et al., 2004b; Yi et al., 2004; Yi et al., 2006) indicated that the small 
crack propagation behaviour can be described by Eq. (2.2) for a wide range of 
potential crack initiators such as porosity, Fe intermetallics and Si particles 
(Fig. 2.3(b)). Although Eq. (2.2) can provide an accurate material model to predict 
fatigue properties of cast aluminium alloys, there is still no comprehensive model to 
quantitatively assess the dependence of the crack evolution on the local microstructure, 
defects and the complex multiaxial applied stress. 
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Fig. 2.3 The small crack growth rate as a function of (g^ax'^a/Cy) a for: (a) 
cast W319-T7 alloys with 5 = 2.5 (Caton et al., 1999), and (b) cast A356-T6 
alloys with 5 = 1 . 1 (Yi et ai, 2004). 
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The investigation of fatigue crack initiation and small crack propagation, as discussed 
above (Sections 2.2.1 and 2.2.2), was limited to two dimensions (2D) both 
experimentally and analytically. Three dimensional (3D) in situ characterisation of 
crack growth is now possible due to recent developments in high resolution 
microtomography (Buffiere et al, 2001; Maire et al., 2001; Salvo et al., 2003). 
However, this technique can be limited to characterise the fatigue mechanism where 
cracks initiate from large defects (e.g. pores) rather than small ones (Si particles, etc.). 
2.2.3 Fatigue Life Prediction 
The fatigue damage evolution depends on the intrinsic microstructural features and 
extrinsic applied stress levels, both of which determine the mechanism of different 
stages of crack evolution. The total fatigue life can thus be predicted as a function of 
these features and stress levels. Since large pores at or near the surface are almost 
exclusively responsible for crack initiation in cast aluminium alloys, the fatigue life 
prediction when cracks initiate from large pores (>100 ^m) has been widely studied 
(Couper et al., 1990; Nisitani et al., 1992; Skallerud et al., 1993; Caton et al, 2001; 
Wang et al., 2001a; Yi et al., 2003). With the assumption that the initiation life is 
negligible (N j = 0), most of these models calculated the propagation life ( N ) by 
integrating the relevant crack growth law from initial crack size ( a j to final crack 
length {Of). 
Fatigue crack growth has been assumed to follow the Paris law (Suresh, 1998), 
allowing the propagation life to be calculated using linear elastic fracture mechanics 
(Couper et al., 1990; Gungor et al., 1993; Buffiere et al., 2001). The predicted fatigue 
life was in good agreement with experimental measurements for low cycle fatigue 
(LCF) (e.g. <2x10^ cycles) (Gungor et al., 1993) or high stress levels relative to yield 
strength; however, predictions were less accurate at low applied stress levels where the 
prediction underestimated the fatigue life. This inaccuracy may be attributed to 
ignoring the small crack effects. 
Small crack effects were accounted for in many recent works where the fatigue 
propagation life was calculated using either the stress intensity factor range ( A K ) 
(Newman .Ir et al., 1999; McDowell et al., 2003; Lados et al., 2004) or the stress/strain 
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range (Nisitani et al, 1992; Shiozawa et al, 1997; Caton et al., 2001; Yi et ai, 2003). 
Much of the total fatigue life in cast aluminium alloys involved a small crack growth 
(Caton et al., 1999). The fatigue life (assumed to be equal to propagation life, xN^ ) 
in cast W319 (Caton et al., 2001) or A356 (Yi et al., 2003) alloys can be estimated as a 
function of the cyclic stress/strain range and pore size by integrating the Eq. (2.2) from 
Oj to fl,.: 
A^p=C, 
max ( a / " - a - ' ) (2.3) 
where the initial crack size {a^) was assumed to be the maximum pore size. Hence, an 
accurate knowledge of pore size distribution can be used to predict the fatigue life 
scatter using Eq. (2.3). 
However, even in the presence of large pores at or near the specimen surface, ignoring 
the initiation life may introduce significant error at high endurances corresponding to 
low applied stress levels (Suresh, 1998; Zhang et al., 1999; Yi et al., 2006). In the 
absence of large pores, the small fatigue crack initiation arising from Si particles and 
Fe intermetallics may account for a major fraction of the total fatigue life in cast 
aluminium alloys especially in high cycle fatigue (HCF) or at low stress levels. An 
accurate prediction of total fatigue life thus requires a model combining both crack 
initiation (N.^) and propagation ( ) lives. 
The crack initiation life in cast aluminium alloys was usually estimated on the basis of 
the damage accumulation when the crack initiates from various microstructure and 
defects. Some works (Murakami et al., 1989; Shiozawa et al., 1997; Pao et al., 2000; 
Buffiere et ai, 2001) correlated the fatigue crack initiation life to the stress intensity 
factor ( K ) using the criterion that a critical crack length (initial crack, a- ) was 
observed. Assuming dislocation accumulation due to cyclic stress, the initiation life 
was calculated when the stored energy of accumulated dislocations reached a critical 
value (Tanaka et al., 1981). Alexandre et al. (Alexandre et al., 2004) extended this 
concept to relate the crack initiation life to the accumulated plastic strain ( ) . 
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Yi et al. (Gao et al., 2004b; Yi et ai, 2004; Yi et al, 2006) systematically investigated 
the effects of porosity, Si particles and Fe intermetallics on the fatigue damage 
evolution in a cast A356-T6 alloy both experimentally and through microscale finite 
element simulations. They established a quantitative relationship between crack 
initiators and the resulting initiation life using the mechanism of local plastic strain 
accumulation. In their model, TVj was estimated according to the accumulated 
equivalent plastic strain ( ) , which was then related to the far field stress amplitude 










where Q , , a , and (i are the experimentally determined material constants and 
is the secondary dendrite arm spacing. A unified model can then be derived to predict 
the total fatigue life combining crack initiation (Eq. (2.4)) and propagation (Eq. (2.3)) 









( a r ' - a r ' ) (2.5) 
y J 
The initial crack size is assumed to be the maximum pore size (Z^^,) when large pores 
are present; otherwise a. is equal to twice the secondary arm spacing (2 /L ). As shown 
in Fig. 2.4, the fatigue life is dominated by the small crack growth phase at high stress 
levels, while the initiation life accounts for an increasing proportion of the total life 
with decreasing stress level. 
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Fig. 2.4 Comparison of predicted and measured fatigue lives for A356-T6 
alloys in (a) non-HIP casting (crack initiator: porosity), and (b) HIP casting 
(crack initiator: Si particles) (Yi et al, 2006). 
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2.2.4 Key Factors Influencing Fatigue 
As discussed through Sections 2.2.1 to 2.2.3, the key factors influencing fatigue 
damage in cast aluminium alloys can be summarised as: 
Microstructure and Defects: The microstructural inhomogeneity in cast 
aluminium alloys facilitates the fatigue crack initiation due to the stress/strain 
concentration around these features, which accumulates plastic strains under 
cycling; hence crack grows through the high stress field around them. 
Cyclic Stress State: The local cyclic stress, comprising the residual and 
applied service stresses, is the mechanical factor directly determining the local 
driving force for fatigue failure. 
Therefore, the fatigue performance for cast aluminium alloy components is dictated by 
their local microstructure and defects along with externally applied cyclic stress levels. 
An accurate prediction of fatigue life thus requires simulating each manufacturing 
process and in-service stage, and tracking microstructural features, mechanical 
properties and stress evolutions. 
2.3 Casting: Defects/Microstructure Predictions 
Cast aluminium alloy components can be produced in gravity die casting, squeeze 
casting and low pressure die casting (LPDC); LPDC is the dominant process for 
casting aluminium alloy automotive wheels. The major microstructural features 
influencing mechanical properties include compositional inhomogeneity 
(macrosegregation and microsegregation), foreign particles and porosity (Campbell, 
2003). Among these, porosity is one of the most important defects, impairing structural 
integrity of a cast component and thus reducing fatigue resistance. 
Casting parameters significantly influence microstructure evolution and defect 
formation. Hence, an accurate model to predict microstructure and defects requires: i) 
a deep understanding of the heat transfer of both the molten metal and dies and ii) the 
mechanism of defect formation (e.g. pores) during solidification. 
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2.3.1 Low Pressure Die Casting 
The low pressure die casting offers advantages over conventional casting processes by 
allowing less metal waste and better final shape and surface finish. Numerous studies 
(Hetu et al, 1998; Kuo et al., 2000; Cross et al, 2002; Gandin et al., 2002) have 
simulated the filling and solidification stages during the casfing process in order to 
further investigate the distribution of microstructure and defects. The transient heat 
flow during solidification is governed by the following equation: 
p ( r ) . Cp ( D . ^ = v [ / : ( r ) . v r ] + g (2.6) 
where T is the temperature, p{T) is the density, C (7) is the specific heat, k{T) is 
the thermal conductivity, and g is a source term associated with the latent heat of 
solidification. These temperature dependent thermophysical properties, although often 
difficult to measure, are crucial to the prediction accuracy. 
Both finite difference (FD) and finite element (FE) methods can be used to solve 
Eq. (2.6) in these casting macromodels to predict the thermal history during 
solidification (Boettinger et al., 2000; Dore et al., 2000). However, it is generally 
recognised that the finite element method is more suitable for the complex geometries 
common in LPDC castings (Hetu et al., 1998). 
One of the biggest challenges is to quantify the resistance to heat flow across the 
interface between a solidifying casting and dies. Acting as a boundary condition for 
heat transfer, the inter facial heat transfer coefficient plays a significant role in the 
solidification behaviour. It is very dependent on the casting environment and the 
component shape, thus more difficult to determine. Extensive research (Trovant et al., 
2000; Hines, 2004; Zhang et al., 2005 (Submitted)) was conducted on the air gap 
formed and altered at different stages during the casting process; these studies have 
indicated that the interfacial coefficient can be described as a funcfion of casting 
surface temperature or time. An inverse modelling technique was often used to 
determine the coefficient by trial and eiror tuning of the various boundary conditions. 
Hines (Hines, 2004) readjusted the interfacial boundary condition and reran the 
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thermal simulation until a close fit between experimental and simulated cooling curves 
could be observed (Fig. 2.5). However, further work is required to characterise the 
variation of the casting/die gap with factors such as casting geometry and die coating. 
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Fig. 2.5 (a) Optimised interfacial heat transfer coefficients calculated from 
repeated trials at several locations of an aluminium alloy casting, which 
decrease to 200 with decreasing temperature, and (b) comparison of 
measured and simulated cooling cui-ves at one location (Hines, 2004). 
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2.3.2 Porosity Modelling 
During the solidification stage of casting, porosity can arise from three distinct sources; 
i) poor mould design and feeding (macroporosity), ii) volumetric contraction 
(shrinkage porosity) and iii) gas diffusion (gas porosity). Pore formation in aluminium 
alloys can be mainly attributed to a combination of volumetric shrinkage and hydrogen 
gas evolution (Whittenberger et al., 1952). In the interdendritic region, the liquid metal 
flow compensating for the volumetric shrinkage may be restricted, leading to a locally 
reduced liquid pressure and thus forming pores. The hydrogen rejected from the solid 
due to the differential solubility can concentrate and increase in liquid until bubbles of 
gas form. 
A considerable effect (Poirier et al, 1987; Fang et al., 1989; Tynelius et al., 1994; Lee 
et ai, 1997; Lee et al., 2001a; Pequet et al, 2001) has been made in both experimental 
and modelling aspects to investigate porosity formation during the solidification 
process in cast aluminium alloys. Many macromodels (Kubo et al., 1985; Poirier et al., 
1987; Pequet et al., 2001) calculated the pressure drop due to restricted feeding in the 
mushy zone, which was then coupled with the conservation and continuity equations to 
predict porosity. These models can calculate the percentage porosity for cast 
components; however they do not predict the pore size, morphology and distribution, 
which are critical factors for fatigue crack evolution. 
Alternatively, numerous studies (Fang et al., 1989; Hunt et al., 1996; Jones et al., 1999; 
Lee et al., 2001b) have accounted for the hydrogen diffusion controlled pore growth in 
aluminium alloys assuming either deterministic or stochastic pore nucleation, allowing 
for pore size predictions. Compared to detenninistic models (Fang et al., 1989; 
Atwood et al., 2000), the stochastic approach (Hunt et al., 1996; Lee et al., 1997; Lee 
et al., 2001b) is a more accurate reflection of the phenomena of pore nucleation. 
Recently the interaction between pore growth and microstructure evolution was 
coupled with pore growth in a hydrogen diffusion field to capture the 3D tortuously 
shaped pores in aluminium silicon alloys (Fig. 2.6) (Atwood et al., 2003). However, 
these gas pore growth models were limited to a small mushy zone; a direct application 
to cast components would require too long computational time and massive data 
storage. 
- 23 -
Chapter 2 Literature Review 
One of the few methods found in literature was to run the diffusion controlled pore 
growth model on a representative volume for a parametric set of conditions, followed 
by a regression analysis to relate maximum pore size ) in cast components to 
solidification time {t^) and initial hydrogen concentration ( C ° ) in a power form (Lee 
et al., 2004): 
= C,' (2.7) 
where c, and Cj are the regression coefficients. The pore size distribution over the 
component can then be predicted by applying the equation to thermal history 
predictions. Despite the excellence of prediction in the region where gas porosity 
dominates, this approach showed less correlation in poorly fed regions. Hence, an 
accurate prediction of pores over the range of conditions in industrial cast components 
requires incorporating shrinkage porosity into diffusion limited gas pore growth 
models through the pressure drop simulated in macro fluid flow model. However, 
bridging the different length scales is a big challenge as will be detailed in 
Section 2.6.2; and no such models can be found in the literature. 
Fig. 2.6 Schematic illustration of a model of pore growth restricted by a 
dendrite (Atwood et al, 2003). 
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2.4 Heat Treatment/Machining: Residual Stress Predictions 
Residual stresses are self-equilibrating internal or lock-in stresses remaining in a 
material which are commonly found in cast aluminium alloy components that have 
been heat treated (Dieter, 2000; Withers et al, 2001b). These residual stresses are 
introduced owing to the thermal gradient when cast components are cooled down from 
elevated temperatures. Residual stresses may also evolve due to material removal 
processes (e.g. machining, cutting), plastic deformation processes (e.g. forming, shot 
peening), or even phase transformation during processing. 
2.4.1 Residual Stress Effects on Fatigue Behaviour 
Residual stresses can have a significant influence upon the fatigue lives of cast 
components, depending on the type of residual stresses (tensile or compressive) and 
their levels. Superimposed on the applied cyclic stress, compressive residual stresses 
can retard fatigue crack growth thus prolonging fatigue life, while tensile residual 
stresses accelerate crack growth (Suresh, 1998). This effect is especially pronounced at 
low applied fatigue stress level. However, for large applied stress amplitude, the cyclic 
plastic strain introduced may be sufficient to cause so much stress redistribution as to 
reduce any effects from the residual stress. 
Many works (Webster et al., 2001; Lados et al., 2006) have investigated the impact of 
residual stress upon fatigue damage evolution by superimposing the stress intensity 
factor (K) from the residual and applied stress. An alternative method (Aimer et al., 
1998; Maijer et al., 2004) was to obtain the local stress/strain values using finite 
element analysis (FEA) and couple the initial residual stress to applied loads using 
constitutive laws describing the material's elasto-plastic behaviour. Aimer et al. 
(Aimer et al., 1998; Aimer et al., 2000) tracked the local stress-strain behaviour 
(Fig. 2.7) in the vicinity of the fatigue crack initiation sites in the presence of residual 
stresses using the combined FEA and x-ray diffraction. Compared to the use of stress 
intensity factors, this technique can be used to examine more complex loading 
sequences and component geometries. 
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Fig. 2.7 The stress-strain history in the first two loading cycles at a notch 
centre element for a specimen with an initial residual stress of -98 MPa (Aimer 
et al, 2000). 
2.4.2 Residual Stress Model for Quenching 
Several prior authors have modelled the development of residual stresses during 
quenching in a range of metals (e.g. cast steel (Gur et ai, 2001), cast W319 alloys 
(Newman et a!., 2003), 7010 aluminium alloy forgings (Tanner et ai, 2000; Tanner et 
al., 2003), nickel-based superalloy IN718 (Dye et al., 2004)) using sequentially 
coupled finite element thermal stress models. A sequential, rather than fully coupled, 
model is acceptable because the influence of quench-induced deformation on heat 
transfer is negligible. However, determining the heat transfer coefficients on the 
surface of the component is not straightforward, due to the convective flow in the 
cooling liquid and nucleant boiling. Direct simulation of these phenomena is difficult. 
Therefore, in several studies the surface temperature dependent convection coefficient 
was empirically determined by matching predictions to measured cooling curves 
(Tanner et al., 2000; Dye et al., 2004). 
Having obtained heat transfer coefficients, these studies of residual stresses in Al and 
Ni-based alloy forgings (Tanner et al., 2000; Dye et al., 2004) suggested that the 
accurate prediction of residual stresses is extremely sensitive to constitutive behaviour 
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of the material in the as-solutionised state. The flow stress of the as-solutionised 
material is highly temperature and strain rate dependent (Fig. 2.8) (Newman et al., 
2003). There is very little data available for A356 alloys in the as-solutionised state. 
Most available measurements are for the fully heat treated or as-cast state. Only one 
study was found, by Estey et al. (Estey et al, 2004), who performed a series of 
isothermal compression tests on A356 samples in the as-solutionised condition over a 
wide range of temperatures (200 to 500 °C) and strain rates (0.001, 0.1 and 1 s"') 
including those experienced during the quenching operation. However, the most 
important strain rate range during quenching of automotive components was found to 
be between 0.001 and 0.1 s ' (Maijer et al., 2004); therefore more experimental data is 
required for A356 alloys in this region. 
In addition to a scarcity of data on the flow stress behaviour of as-solutionised A356, 
there is also a paucity of residual stress measurements in A356 quenched castings 
against which any residual stress predictions can be validated. Such measurements 
have been done in other alloys, with the most common technique used for validation 
being the measurement of residual strain (Withers et al., 2001a) by; i) elastic strain 
relaxation measurements using mounted strain gauges and material removal techniques 
(e.g. hole drilling (Tanner et al., 2000), cutting/sectioning, and layer removal, etc.)-, or 
ii) the interplanar spacing measurement using diffraction methods (e.g. x-ray (Tanner 
et al., 2000) or neutron (Dye et al., 2004) diffraction). Unfortunately, most of the 
available techniques, e.g. strain gauge method and x-ray diffraction, are limited to the 
measurement of surface stresses, as reviewed by Withers et al. (Withers et al., 2001a) 
Neutron diffraction, with higher penetrating power, can reach a depth of ~3 cm in most 
materials (Dye et al., 2004); however, it is sensitive to the grain size or microstructure 
and of course costly. 
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Fig. 2.8 Stress response of W319 specimens at different temperatures and 
strain rates (Newman et al., 2003). 
2.5 In-service: Cyclic Stress Predictions 
In order to predict the in-service fatigue life for a cast component, the stress variation 
should be addressed to identify crack initiation sites within the component and to 
evaluate the local stress-strain history around these critical locations. The global 
dynamic stress/strain behaviour, which is dependent on the structural geometry, 
significantly determines the stress/strain variation (i.e. amplitude and fluctuation) in 
local regions. On the other hand, combined with the microstructural inhomogeneity 
(e.g. porosity and Si particles), the local cyclic stress/strain at any structural point 
promotes plastic strain accumulation and fatigue damage process. 
2.5.1 Local Cyclic Stress for Fatigue Criteria 
Fatigue failure criteria described in Section 2.2 are based on a uniaxial stress approach. 
Cast aluminium alloy components are often subject to multiaxial loading during 
service; moreover, the residual stress arising during manufacturing steps combined 
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with the in-service loading stress produces a local multiaxial stress state in components. 
The complex local stress state therefore requires multiaxial fatigue failure criteria in 
order to evaluate their performance. 
Multiaxial fatigue criteria have been the subject of much research as reported in the 
literature. Generally, the aim of these fatigue criteria is to reduce a given multiaxial 
stress state to an equivalent uniaxial stress condition (Garud, 1981; Carpinteri et al, 
2001; Avalle et al., 2002; Carpinteri, 2003). The effective stress which characterises 
the deformation of the material includes such stresses as the von Mises stress and the 
maximum shear stress (McDowell, 1996; Suresh, 1998; Zenner et al., 2000; Kocabicak 
et al., 2004). According to some studies on metallic materials (Billaudeau et al., 2004; 
Goncalves, 2005), cracks propagate in the plane perpendicular to the maximum (first) 
principal stress direction. The maximum principal stress criterion was assumed for 
A356-T6 alloys in which the effective stress is taken as the maximum principal stress 
(o"|) in the order of cr, > cj, > CT, (McDowell et al., 2003; Maijer et al., 2004; Kuna et 
al., 2005). However, few experimental observations were found to validate this 
assumption. 
The local material deformation under multiaxial loading can be described using 
constitutive equations governing the stress/strain response for a given cyclic stress or 
strain history; the given stress/strain value is determined by the global cyclic load 
applied to a component. The nonlinear kinematic hardening model with isotropic von 
Mises yield criterion (Ringsberg et al., 2000; Gall et al., 2001; Fan et al., 2003; Gao et 
al., 2004b) was often employed due to the fact that materials will reach stabilised 
cyclic deformations after initial transient cycles (Fig. 2.9). 
Based on incremental procedures, the path dependent plasticity and fatigue damage 
can be simulated with the local cyclic stress, thus allowing the number of cycles and 
crack initiation sites to be predicted. However, the computation time is normally so 
long that only a few cycles can be covered in one simulation. Alternatively, combining 
different criteria derived from the local fatigue crack development (e.g. using strain-
life equation (Kocabicak et al., 2001; Huizinga et al, 2002; Firat et al., 2004), 
Goodman and Gerber's criteria (Hsu et al., 2001), or Eq. (2.3) (Maijer et al., 2004)), 
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the fatigue performance of components can be predicted using the global cyclic stress 
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Fig. 2.9 Comparison of stress/strain curve for A356-T6 alloys showing (a) 
cyclic experimental data and (b) simulation curve (Fan et al, 2003). 
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2.5.2 Global Cyclic Stress Prediction 
The stress distribution in cast components depends on the in-service operation mode 
and geometric structure. The final cyclic stress is composed of both residual stresses 
arising due to manufacturing and loading stresses for a cycle. Considerable studies 
have focused on the service stress/strain distribution of different cast components 
under various loading conditions, e.g. railway wheels (Ringsberg et ai, 2000; Kuna et 
al., 2005) and brake callipers (Maijer et al., 2004). Linear elastic or elasto-plastic finite 
element analysis has been widely used for cyclic stress predictions during a single 
cycle. 
For cast aluminium alloy automotive wheels, a number of authors have predicted the 
variation of stress in a wheel due to service loads during radial (Steams et al., 2005) or 
bending (Hsu et al., 2001; Kocabicak et al., 2001; Firat et al., 2004) fatigue tests. 
However, these studies neither incorporated the residual stress distribution resulting 
from manufacturing, nor the local microstructure and defects to evaluate the fatigue 
failure. Although the final fatigue damage was compared to measurements, the cyclic 
stress predictions were not experimentally validated. 
2.6 Multiscale Through Process Modelling 
Mathematical models describing individual and combined processing operations are 
widespread through the material processing industry, as detailed in Sections 2.3 - 2.5. 
Separate models were developed to describe the physical phenomena relevant to a 
processing step such as heat transfer, fluid flow, solute diffusion, microstructure 
evolution, defect formation, deformation, texture evolution, residual stress and cyclic 
stress/strain. All the physical processes are interdependent; therefore more 
comprehensive multiphysics simulations have recently been proposed to describe the 
interactions of physical phenomena involved (Cross et al., 2002; Rafii-Tabar et al., 
2002; Crumbach et al., 2004a; Crumbach et al., 2006a). For example, Rafii-Tabar et al. 
(Rafii-Tabar et al., 2002) integrated the inifial nucleation process, microstructure 
formation and macroscopic heat flow to calculate their interplay on different length 
scales during solidification. 
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The through process modelhng (TPM) technique seeks to link comprehensive models 
of individual process operations to provide an overall understanding of product 
performance. A number of integrated projects, e.g. VIR[*]^, IMMAD+ and C T M P \ 
have focused on modelling microstructure and material properties from primary 
production through multiple secondary processing operations to a final product. For 
example, the European project VIR[*] comprised a twofold integration, namely a 
horizontal connection of the processing steps and a vertical connection of the physical 
models of microstructure development (Crumbach et al, 2004a; Crumbach et al, 
2004b; Crumbach et al., 2006b; Quested et al., 2006). These TPM projects provided a 
powerful predictive tool for optimising production routes and tailoring component 
properties to client specifications. 
2.6.1 Through Process Modelling 
The concept of through process modelling is to connect the individual models for 
different process steps to an integrative material model accounting for all the 
interactions of the physical phenomena involved. As shown in Fig. 2.10, the 
operational parameters of each processing step are provided as input, while the output 
of each processing stage becomes the starting point for the next process model, 
following the path of the material (Gall et al., 2000a; Maijer et al., 2004). 
^ VIR[*] is a cluster of three European S"* framework projects: VIR[CAST], VIR[FAB] and VIR[F0R1VI] 
(http://www.eaa.net/visuals/downloads/virprojects.pdf). 
* IMMAD is an EPSRC project: Integrated Modelling of the Manufacturing of Aeroengine Discs 
(EPSRC No. GR/N14I32). 
^ CTMP is Controlled Thermo-Mechanical Processing of Tubes and Pipes for Enhanced Manufacturing 
and Performance (iittp://vvww.oit.doc.gov/stecl/factshcets/ctmp.pdf). 
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Fig. 2.10 Overview of through process modelling concept (Maijer et al., 
2004). 
VIR[*] focused on relating mechanical properties of aluminium products to the 
microstructure/texture evolution during the casting and homogenisation (VIR[CAST]), 
hot and cold rolling, inter- and fmal annealing stages (VIR[FAB]) and fmal sheet 
forming operations (VIR[FORM]) (Crumbach et ah, 2004a; Crumbach et ai, 2004b; 
Neumann et a!., 2004). VIR[CAST] (Quested et a!., 2006) described phenomena (e.g. 
solidification and precipitation) occumng in the casting and subsequent 
homogenisation in order to yield the microstructure evolution prediction (Fig. 2.11). 
VIR[FAB] (Crumbach et al., 2004b; Crumbach et al., 2006a) coupled the physics in 
rolling and annealing to identify the crystallographic texture of the aluminium sheet 
product, thus connecting VIR[CAST] and VIR[FORM]. The goal of IMMAD (Tin et 
al., 2005) was to track defects, microstmcture and residual stress evolution through the 
five manufacturing stages for Ni based superalloy turbine discs. Maijer et al. (Maijer et 
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ai, 2004) employed a TPM approach to link a series of mathematical models 
describing the involved processing steps (casting, heat treatment and machining) to in-




































Fig. 2.11 Evolution of microstructural parameters during casting and 
homogenisation in the VIR[CAST] project. Numbered arrows indicate a strong 
influence of one parameter on another. For example, grain structure is 
influenced by three casting parameters (i, ii & iii); constituent particle phase 
selection can be influenced by primary grain structure (vi), casting speed (iv) 
and melt superheat (v). (Quested et al, 2006). 
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Although the TPM concept used in these projects provides a flexible approach with 
high predictive power for very different materials and processes, two challenges exist 
in the development of TPM methodology as described below. 
Firstly, developing accurate and reliable models for individual physical 
phenomena in each processing step is one of the current challenges (Crumbach 
et al., 2004b). This requires deep knowledge of the mechanism of these 
phenomena in respective length scales and their interactions, and a direct 
comparison of individual model predictions with measured results. For 
example, the residual stress prediction for the heat treatment in the TPM 
developed in a prior work (Maijer et al, 2004) did not account for the 
constitutive behaviour of A356 in the as-solutionised condition because of a 
lack of material data. 
Secondly, coupling individual process models into an overall through process 
model is another significant challenge, which requires transferring or switching 
data between different length/time scales (Rafii-Tabar et al., 2002; Crumbach 
et al., 2004b; Maijer et al, 2004). This can be accomplished by a multiscale 
approach, where the integral behaviour on a microscopic/mesoscopic level is 
reflected by an average property on a macroscopic level. 
2.6.2 Multiscale Modelling 
The final properties, such as the fatigue resistance in cast aluminium alloy components, 
are dependent upon many phenomena occurring over different spatial and temporal 
scales during processing steps, as shown in Fig. 2.12. All these scales are linked and 
the phenomena at one level require input from the phenomena at another level (above 
or below). Multiscale modelling is an effective methodology to interface these scales 
and pass appropriate information to another (Raabe, 1998; Rafii-Tabar et al, 2002; 
Crumbach et al., 2004b; Lee et al., 2004). 
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Fig. 2.12 Typical scales (bold), modelling approaches (shadow), and linking 
methods (italics) involved in through process modelling (Lee et al., 2004). 
Due to local gradients of processing conditions and material constitution in material 
processing steps, modelling macroscopic engineering property (e.g. fatigue, yield 
strength, heat flow) requires a spatial and temporal discretisation (mesh elements) to 
calculate the local properties and establish compatibility at interfaces. One of the long 
established and widely accepted tools is the finite element method (FEM), where the 
behaviour of a finite element is usually based on an isotropic continuum (Zienkiewicz 
et al., 2000). 
Multiscale modelling requires coupling the macroscopic world to the microstructural 
or even atomic level (Fig. 2.12). This can be achieved by using a fully coupled 
approach, where a very fine mesh (e.g. FE mesh) can be used to account for local 
variation of materials properties; these local properties are directly represented by the 
output of a smaller scale model (Raabe, 1998; Rafii-Tabar et al., 2002). Rafii-Tabar et 
al. (Rafii-Tabar et al., 2002) employed a fully coupled nano-micro-macro model to 
describe the solidification phase transition phenomena of several alloy systems 
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(Fig. 2.13). Crumbach et al. (Crumbach et al., 2006a) modelled the texture evolution 
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Fig. 2.13 A multiscale model of solidification coupling the nano-micro-macro 
scales (Rafii-Tabar et al., 2002). 
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However, performing a fully coupled multiscale model over a complex industrial 
casting (e.g. automotive wheels) would take tremendous computational resources and 
therefore be restricted to relatively small volumes of a material. A computationally 
more efficient approach is the use of a large mesh size such that an element represents 
a homogeneous local average behaviour of the material (Crumbach et al, 2004b). For 
example, maximum/average pore size distribution in castings can be related to the 
process parameters via constitutive equations as expressed in Eq. (2.7) rather than fully 
coupled modelling (Atwood et al., 2003; Lee et al., 2004). 
Although multiscale modelling can couple the system of models in various 
combinations on various levels dependent on their interactions, it is crucial to decide 
what information needs to be transferred in order to obtain sufficient quality at an 
acceptable computational effort. 
2.7 Summary 
Cast aluminium alloy components often contain a large variability in microstructure 
and potential defects, such as porosity, oxide film. Si particles and Fe intermetallics; 
all of these can be responsible for fatigue crack initiation dependent on their properties 
(e.g. size and distribution) and the externally applied stress levels. Among these, pores 
are the most detrimental for fatigue life, especially when they are large and located 
close to the surface of the material. However, the 3D mechanism of fatigue damage 
evolution is not yet clear, thus requiring experimental and numerical investigations. 
The fatigue performance of cast aluminium alloy components is determined by 
microstructural features (including defects) and applied cyclic stress levels. An 
accurate model to predict fatigue behaviour therefore requires calculating and tracking 
microstructure, defects and stress/strain during the entire manufacturing route and in-
service stage. 
In this thesis, a validated multiscale, through process model was developed to predict 
the fatigue performance of cast aluminium alloy components, using an A356 
automotive wheel as an example. This methodology is based on the concept in the 
prior work for an A356 brake calliper (Maijer et al., 2004). In the current study, the 
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microstructure was predicted and tracked through the various processing steps and 
coupled with the local stress state to estimate the in-service performance. The 
manufacturing route for the A356 aluminium alloy wheel mainly includes low pressure 
die casting, followed by rough machining, a T6 heat treatment, final machining and a 
multistage paint bake process (Table 2.1). Both rough machining and the paint bake 
process have little influence on the final fatigue performance and therefore were not 
considered in this study. 
The TPM methodology schematically illustrated in Fig. 2.14 includes three submodels; 
i) a casting model to describe the porosity and microstructure distribution in the wheel, 
ii) a residual stress model to determine the final stress state after heat treatment and 
finish machining, and iii) a model to calculate the in-service stress variation and the 
fatigue behaviour by linking the different factors from i) and ii). Prediction of 
microstructural features for A356 components has been previously investigated by Lee, 
Maijer and their co-workers (Lee et al, 1997; Atwood et al, 2000; Lee et al, 2001b; 
Atwood et al., 2003; Zhang et ai, 2005 (Submitted)); the technique was directly 
employed to predict the microstmcture and defects in the wheel. The thesis focused on 
the submodels ii) and iii) to calculate the residual stress state and in-service 
performance. Experimental work was performed to validate individual process 
submodels and fatigue life predictions. 
In order to understand the relation between microstructure, defects and fatigue 
behaviour (Fig. 2.14), the effect of 3D pore size and shape on the evolution of fatigue 
damage was investigated via x-ray microtomography (XMT) and finite element 
analysis (FEA). 
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Fig. 2.14 Schematic of through process modelling methodology used to 
predict fatigue performance for cast aluminium components. 
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Chapter 3 The Influence of Porosity on Fatigue Cracking 
Large pores in close proximity to the surface can act as crack initiation sites in cast A356-T6 alloys, resulting in reduced fatigue resistance. Therefore, a quantitative characterisation of the pore distribution and its influence on the 
evolution of fatigue damage are required to predict the fatigue life of cast aluminium 
alloy components. 
Traditionally, metallography has been used to examine and quantify microstructure 
and defects in sectioned specimens of a component. This approach only provides two 
dimensional (2D) information of defects, such as pores, which may not adequately 
describe their tortuous three dimensional (3D) morphology (Salvo et al., 2003; Lee et 
al., 2004). Recent developments in high resolution x-ray microtomography (XMT) 
have allowed 3D characterisation of porosity with resolutions of approximately one 
micron, depending on sample size (Savelli et al, 2000; Buffiere et al., 2001; Lee et al., 
2003). 
Recently, numerical simulation has been used to study the influence of microstructure 
on fatigue behaviour (McDowell et al., 2003; Gao et al., 2004a). Finite element 
analysis by Gao et al. (Gao et al., 2004a) demonstrated that pores, which are both large 
and close to the specimen surface, induce high stress/strain concentrations and promote 
crack initiation. Both Gao et al. (Gao et al., 2004a) and McDowell et al. (McDowell et 
al., 2003) assumed a spherical pore shape disregarding the influence of the tortuous 3D 
shape of pores on the stress/strain concentration. 
In this investigation, XMT was used to characterise the 3D morphology of porosity in 
A356-T6 specimens. The resulting 3D porosity distribution was compared to that 
measured in 2D from individual slices from the XMT data. Here, a direct comparison 
with traditional metallography was not perfoiTned to avoid the additional complication 
of observations using different resolutions. XMT was then used to characterise crack 
growth and its interaction with porosity in A356-T6 interrupted fatigue test specimens. 
Subsequently, the effect of idealised pore characteristics on the stress/strain 
concentration was investigated using finite element analysis. Stress analysis was 
finally performed on the geometries obtained via XMT to illustrate how pores 
influence the evolution of fatigue damage. 
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3.1 Experiments 
A356 aluminium alloy (wt%: 7.25Si, 0.32Mg, 0.06Fe, <0.0ICu, <0.0IMn, <0.0ICr, 
0.02Zn, <0.0ITi, and <0.0IB) was cast in a permanent wedge mould with 0.02 wt% Sr 
modifier, 0.1 wt% Ti grain refiner, and a hydrogen level of 0.17±0.11 ppm. Following 
a standard T6 heat treatment, fatigue specimens ((|)5 mm x 10 mm gauge length) were 
machined. 
X-ray microtomography (Davis et al, 2003) (at 90 kV and 200 pA) was performed on 
a specimen prior to fatigue testing with a voxel size of 15 jim. 720 projections were 
recorded on a 1024 x 1024 charge coupled device (CCD) detector set at - 8 0 cm 
distance from the specimen over one revolution. The 3D XMT image was then 
reconstructed from these projections using a cone beam back projection algorithm. 
Interrupted fatigue tests (ASTM E466) were then performed at a frequency of ~70 Hz 
with a stress ratio of /? = -1 and a maximum stress level of 100 MPa. Additional XMT 
scans were conducted after 2.09x10^ and 2.19x 10^ cycles. For these scans the 
specimen was loaded to the peak tensile stress in the fatigue cycle, allowing fatigue 
crack to be captured. The fracture surface of the specimen was examined using the 
scanning electron microscope (SEM). 
The porosity was quantified using DIPIMAGE* in MATLAB™. Following a series of 
morphological filter operations, the grey level XMT images were segmented to 
identify the porosity. The threshold value was selected so that the area percentage 
obtained from a XMT slice agreed with the value obtained on slices observed 
metallographically (1.1%). The individual pore (> 8 voxels) was then analysed, giving 
the parameters such as volume and surface area. Both the pore and crack shapes were 
visually characterised in AMIRA™. Finite element meshes of the XMT data were then 
generated to investigate the stress around the pore and crack. 
DIPIMAGE was kindly provided by Professor L.J. van Vliet at Delft University of Technology, Delft. 
The Netherlands. 
MATLAB is a registered trade mark of Math Works Inc., Natick, MA, USA. 
AMIRA is a registered trade mark of Mercury Computer Systems Inc., Chelmsford, MA, USA. 
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3.2 Porosity Characterisation 
3.2.1 Pore Shape 
Image analysis was performed on the XMT data to extract pore morphology (Fig. 3.1), 
number density (6.2 mm"^), and volume percentage (0.7%). Fig. 3.1 shows that large 
pores tend to be tortuous, likely due to their morphology being restricted by interaction 
with surrounding dendritic grains late in the solidification process. On a planar section 
(e.g. metallographically) the arms of a large pore may appear as a cluster of separate 
small pores potentially leading to an underestimation of pore size. 
(mm) 
3 
0 " hf. . 





Fig. 3.1 (a) 3D porosity distribution, and volumetric rendering of (b) a 
typical pore and (c) the largest pore. 
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3.2.2 Pore Size 
To characterise pore size and its distribution, the equivalent pore diameter D (a 
circle/sphere of equal area/volume as the tortuous pore) and pore length L (diagonal 
of a circumscribed rectangle/cuboid) were used. The pore diameters measured in two 
and three dimensions are compared in Fig. 3.2, together with the fitted lognormal 
distributions (correlation coefficient of 0.979 and 0.983 for 2D and 3D, respectively). 
The average of the 3D measurements is approximately 50% greater than that evaluated 
in 2D, 225 pm versus 150 |^m, respectively. 
Johnson-Saltykov (Saltykov, 1958; Underwood, 1970) developed a methodology for 
transforming 2D distributions of planar section measured diameters of spheres to their 
3D distributions. The key assumption made in this transform is that the pores are all 
perfect spheres and evenly distributed. Using this transform the 3D pore diameter can 
be estimated as 180 pm; however, the measured value is 225 pm (Fig. 3.2). This 
illustrates that for tortuous pores values measured on a planar section can not be easily 
transformed to obtain the tme 3D dimensions, and it will lead to a significant 
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Fig. 3.2 Comparison of pore size measured in two and three dimensions. 
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3.3 Observations on Fatigue Crack Evolution 
3.3.1 Characterisation of Crack Growth 
The orientation of the fatigue crack (after 2.19x10^ cycles) relative to the sample 
geometry is shown in Fig. 3.3. The crack is perpendicular to the direction of loading 
and initiated from a large pore (labelled as I) located near the specimen surface 
(Figs. 3.3(a) and (c)). The crack propagated through a number of pores (P1-4) which are 
on the same transverse section and did not deviate toward out of plane pores such as P5, 
shown in Fig. 3.3(b). The path that the crack follows is dictated by the stress 
concentration which is highest along the transverse plane ahead of the crack due to 
cross-sectional area reduction. The full 3D morphology of the crack is shown in 
Fig. 3.4. 
Although the crack propagated macroscopically along a transverse plane, the crack tip 
exhibits a jagged appearance even with the relatively large voxel size used (15 pm). 
With this resolution the crack must be a significant portion of this dimension for it to 
be detected. Even though the crack is scanned with a load applied, the actual tip 
location will be ahead of that detected, with the actual location dependent upon the 
local microstructure. In the aluminium alloy matrix the crack tip is likely to be rounded 
due to plastic deformation. However, in a brittle phase, e.g. eutectic Si, the tip may 
become sharp and not be well resolved. 
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Fig. 3.3 Crack growth after 2.19x10^ cycles: (a) transverse section, and (b) 
longitudinal cut along the dashed line in (a); (c) fracture surface showing the 
initiation pore. (Note: (a) & (b) are observed from XMT, and (c) from SEM. I is 
the crack origin; P1.5 are locations of pores.) 
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Fig. 3.4 3D isosurface of the crack after 2.19x10^ cycles. (Note: I is the 
crack origin; Pi-4,6 are locations of pores.) 
3.3.2 Crack Growth Rate 
To quantify the localised crack growth, the crack tip location corresponding to two 
endurances {N^ = 2.09x10^ and 2.19x10^) was quantified by projecting onto a 
transverse plane (Fig. 3.5). The error in such a projection technique is small in this 
case since the maximum deviation of the crack tip out of plane is less than 10°, or 2% 
error (Fig. 3.3(b)). The change in crack tip location after 10"^  cycles indicates that the 
crack growth rate increases by a factor of approximately three (averaged over the 10'* 
cycles) as the crack passes through pores (refer to P2 and P4 in both Fig. 3.5 and 
Table 3.1). The crack growth rate is also increased due to the presence of a pore ahead 
of the crack tip (-3.0x10"^ m/cycle at Pg). These local increases in crack growth rate 
result from the increased stress/strain concentrations occurring when the crack tip is 
near a pore. 
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Fig. 3.5 Crack tip position and interaction with pores after 2.09x10 and 
2.19x10^ cycles. (Note: the projected cross-sections of the six pores in the crack 
plane before application of fatigue cycles; I - pore at origin; P,_4 - pores passed 
through; Pg - pore ahead of the crack tip.) 
Table 3.1 Calculated crack growth rate and stress concentration along the 
crack tip after 2.19x10^ cycles. 
Locations along Crack 
Tip, near; 
da 
(xlO ® m/cycle) K 
P2 -4 .8 
P4 - 4 . 0 -5 .1 
P6 - 3 ^ —4.5 
Other 1.2±0.2 2.0±0.4 
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3.4 Finite Element Analysis 
The general purpose finite element package ABAQUS™ was employed to simulate the 
stress distribution in fatigue samples. The stress concentration analysis was applied to: 
i) an idealised 3D porosity distribution in a cylindrical specimen and ii) geometries 
generated from XMT data. An elasto-plastic constitutive formulation was specified for 
A356-T6 including Young's modulus E = 10 GPa, Poisson's ratio v = 0.3, and 
tabular flow stress varying with plastic strain (up to 0.003) from approximately 190 to 
210 MPa. 
3.4.1 Simulation of Idealised Pore Distribution 
A cylindrical specimen with idealised pore distribution was used to investigate the 
influence of pore characteristics on stress/strain concentration (Fig. 3.6). The pore was 
idealised as a sphere of equivalent diameter ( D ) , with the baseline value of 200 )im 
determined by XMT measurements. The baseline pore distribution was defined by: i) 
the number of pores in z (layer = 3) and x (row = 2) directions, ii) the pore packing 
pattern ( 6 = 30°), iii) pore percentage characterised by an evenly distributed pore 
spacing {a = 600 pm), and iv) proximity of a pore to the free surface (5 = 20 pm). 
Pore shape factor was described by / / ; in an ellipsoid (/^ = /; # / ; ) with the same 
volume as the baseline spherical pore. The orientation {cp) for a specific prolate 
ellipsoid ( / /; = 1/2, /; = /; ) relative to plane was varied. 
The region surrounding the pores is modelled with a refined mesh (5 (am) so as to 
increase the calculation accuracy (Fig. 3.7). For example, a total of -240,000 nodes 
and -1,340,000 linear tetrahedral elements were generated for the baseline mesh. A 
symmetry boundary condition was established in one end of the cylinder while a 
100 MPa load was applied to the other end. The local stress/strain distribution around 
pores was presented in temis of normalised maximum principal stress =cr/cr° ' ) 
and strain (&,. = e I e") where and are the nominal far field values. 
ABAQUS is a registered trademark of ABAQUS Inc., Pawtucket. Rl, USA. 
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5 mm s 
(b) 
(c) (d) 
Fig. 3.6 Schematic of idealised pore clusters in the cylindrical specimen cut 
in: (a) longitudinal x-z plane, and (b) transverse x-y plane; the idealised pore 
showing (c) its orientation relative to the transverse plane and (d) its ellipsoid 
shape (/y = /; # / ; ) . 
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Pore 
• 
Fig. 3.7 Symmetrical quarter cut from the specimen and the global mesh 
with refined mesh around the pore close to the surface. 
3.4.2 Analysis on XMT Image Data 
The effect of pores on the stress/strain concentration and its link to fatigue crack 
growth were investigated for fatigue specimens with and without pores and cracks 
using finite element analysis. FE meshes of a fatigue sample before testing (pores only) 
and after 2.19x10^ loading cycles (pores and crack) were generated from the XMT 
data. For comparison purposes, a mesh was generated for a sample without pores or 
cracks. The FE meshes were generated with -60,000 nodes and -320,000 linear 
tetrahedral elements. 
For each of the conditions analysed, a symmetry boundary condition was applied to the 
nodes on the naiTow transverse plane of the mesh. A static load, equivalent to a peak 
stress of 100 MPa in the gauge length, was applied to the broad transverse plane of 
each mesh to simulate the peak tensile load occurring during a fatigue cycle. 
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3.5 Crack Initiation: Stress Concentration 
The fatigue damage mechanism in cast aluminium alloys is dependent on the local 
stress/strain concentration. In the present work, the highest stress occurs in the narrow 
region between the pore and the specimen surface. Although the plastic zone is not 
very large, the stress/strain concentration is very high. Critical for crack initiation, the 
concentration factor was defined as ^ = ^ [kJ^ to account for the average effect of 
both stress {k^ ) and strain (k^) concentrations. 
3.5.1 Effect of Porosity Distribution 
In the evenly distributed pore cluster, the stress concentration near a pore close to the 
surface is larger than that around an individual pore far away from the specimen 
surface. Therefore, the stress concentration is dominated by the pore in close proximity 
to the free surface. However, the pore distribution pattern (e.g. the number of layers 
and rows, the packing pattern and pore spacing) has a negligible effect (<2%) on the 
A: (Table 3.2). Although two closely spaced pores (e.g. a~D) could certainly 
increase the local k^, this spacing is not commonly found in a casting. Hence, the 
interaction of pores during the early stage of crack initiation could be very limited. 
The effect of pore proximity to the surface on stress concentration is shown in Fig. 3.8. 
When a pore is located far away from the surface, there exists no plastic zone despite 
the stress concentration. The higher stress concentration is induced when a pore is 
closer to the surface. When the pore intersects the specimen surface {s < 0), the stress 
concentration is higher than that for subsurface pores. The highest stress concentration 
is found when a pore just touches the surface { s =0). This agrees with the 
experimental observation that the pores responsible for crack initiation crack are 
located at or close to the specimen surface (Fig. 3.3). Therefore, in a finite element 
model relating the stress concentration and crack initiation, the pore cluster can be 
simply represented by the pores close to the free surface while the average pore size is 
experimentally determined. 
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Table 3.2 Stress concentration factor as a function of porosity distribution 
parameters: layer number, row number, packing pattern and pore spacing. (Note: 
the baseline case is underlined.) 
Layer Row Packing 
(4,°) 
K Spacing 
( a / D ) 
K 
1 Z64 1 2 6 3 30 2 6 5 2.0 2.62 
3 Z65 2 2 6 5 45 2 6 5 2.5 2 6 5 
5 2 6 6 3 2 6 5 60 2 7 0 M 2.65 
7 2 6 5 3.5 2.65 
15 








"G - - o — • n o 
- 0 . 2 0 0 . 2 0 . 4 0 . 6 0 . 8 1 
Normalised Distance from the Surface, s/D 
Fig. 3.8 Stress concentration factor and equivalent plastic strain as a function 
of distance from the free surface. 
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3.5.2 Effect of Pore Shape and Orientation 
The stress concentration around a pore is dependent on the geometric shape and 
orientation (Fig. 3.9). When the pore shape is varied from a prolate = 1/4) to 
oblate (/y / / ; = 4) ellipsoid, both the stress concentration and the projected area in the 
transverse x-y plane decrease while the local radius (the reciprocal of the curvature) 
near the surface increases (Fig. 3.9(a)). This variation seems to suggest that the stress 
concentration is more sensitive to the projected area in the transverse plane rather than 
the local radius near the free surface, although the stress field near a spherical pore 
significantly depends on the pore size (or radius) (Gao et al, 2004a). 
When the long axis of the prolate ellipsoid pore {r^,h\ = 1/2) is orientated from the 
transverse {q) = 0 ° ) to longitudinal ((p = 90°) plane, the stress concentration decreases 
with the decreased projected area in x-y transverse plane (Fig. 3.9(b)). Note that the 
longitudinally projected area does not change with the orientation. When a sphere with 
the same transversely projected diameter is presented (refer to ^ = 90° in Fig. 3.9(b)), 
the stress concentration is close to that for the prolate ellipsoid pore although their 
volumes are different. 
With regard to the stress concentration, a truly tortuous pore near the surface can 
therefore be equivalently simulated as a sphere with the same projected area (Ai ^ A2 = 
Ai) in the plane perpendicular to the loading direction, as schematically shown in 
Fig. 3.10. Compared to other methods, e.g. using equivalent diameter (or volume), this 
assumption can be more accurate for the casting with randomly orientated and 
tortuously elongated pores. 
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Pore Shape Factor, r^l 
(a) 
^°*2 
Sphere with the 
same projected 
diameter 
3 0 6 0 
Pore Orientation Angle, (p 
(b) 
9 0 
Fig. 3.9 Stress concentration factor as a function of (a) pore shape and (b) 
orientation. 
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X 
Fig. 3.10 Equivalent sphere pore (F3) to simulate the stress concentration 
around pores with different shape and orientation (Vi and V2). (Note: the 
loading direction is normal to the plane, and the projected areas , =7^2 = ^ 3 
while pore volumes V \ j ^ V 2 ^ V3.) 
- 57 
Chapter 3 The Influence of Porosity on Fatigue Cracking 
3.6 Crack Growth: Local Driving Force 
To assess the impact of porosity on the fatigue specimen prior to crack initiation, the 
maximum principal stresses predicted along longitudinal cross-sections in specimens 
without and with pores are compared (Fig. 3.11). Without porosity, a smoothly varying 
stress field is predicted with the peak stress ( -100 MPa) observed at the surface of the 
specimen, decreasing as the cross-sectional area increases. However, when pores are 
present, the stress concentrates around them (Fig. 3.11(b)). In the near surface region 
of the specimen (highest bulk peak stress), the stress concentrations caused by the 
pores are oriented perpendicular to the loading direction. The stress concentrations 
surrounding pores can cause local yielding and are likely sites for crack initiation. 
Initiation is most likely to occur at the site exhibiting the highest stress and plastic 
strain which may be a large subsurface pore rather than a small surface pore. 
The impact of the crack tip on the local stress distribution in the sample after 2.19x10^ 
fatigue cycles is shown in Fig. 3.12. The accumulated plastic strain resulting from 
previous fatigue cycles was ignored. As shown in Fig. 3.12, the material on the 
transverse plane in front of the crack tip exhibits high tensile stresses in excess of the 
yield stress, while the stress level around the pores during the first loading cycle is 
- 1 8 0 MPa in the region where the crack eventually forms (refer to Fig. 3.11(b)). Once 
the crack has formed, the stress rises significantly in the vicinity of the tip within an 
estimated distance of 0.5 mm (compare Figs. 3.11(b) and 3.12(b)). Thus, plastic strain 
will accumulate leading to continued cracking and thereby diminishing the fatigue 
resistance of the alloy (Gao et al, 2004b). 
The stress concentration factors at the crack tip increase due to the presence of a 
nearby pore, as listed in Table 3.1. The plastic zone around the crack tip can become 
larger near a pore. Therefore, the generated plastic strain accelerates the crack 
propagation rate (refer to P2, P4 and Pe in Table 3.1). 
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Fig. 3.11 Maximum principal stress distribution on a 2D longitudinal slice 
during the tensile portion of the first fatigue cycle: (a) without pores and (b) 
with the XMT observed pores. 
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Fig. 3.12 Finite element model of cracked specimen after 2.19x10^ cycles: (a) 
mesh reconstructed from XMT data and (b) maximum principal stress 
distribution near the crack tip. 
- 6 0 
Chapter 3 The Influence of Porosity on Fatigue Cracking 
3.7 Summary 
The 2D and 3D lognormal porosity distributions in an A356-T6 fatigue specimen 
characterised using XMT indicated that the average 3D pore length is statistically 
larger than that observed in 2D. XMT scans of the interrupted fatigue test specimens 
showed that cracks tend to deviate towards pores in close proximity to the transverse 
plane normal to the loading direction. The calculated crack growth rate was supported 
by finite element analysis incorporating the XMT image data which indicated high 
stress concentrations both near pores and at the crack tip. 
Stress/strain concentration around pores was shown to be more sensitive to pore 
proximity to the free surface compared to the pore distribution pattern. In modelling 
the effect of porosity on fatigue damage evolution, the pore can be approximated by a 
sphere with a diameter equal to that of the projected area in the plane perpendicular to 
the loading direction. 
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Chapter 4 Residual Stress Predictions 
Residual stresses can have a significant impact on the fatigue performance of A356 automotive wheels by changing the mean value of local multiaxial 
cyclic stresses arising due to the service loading. Therefore, an accurate 
prediction of fatigue life requires knowledge of the residual stress distribution arising 
from the manufacturing route of the component. As described in Chapter 2, residual 
stresses formed during casting are completely relieved during the solution heat 
treatment step. However, the residual stress is reintroduced by the inelastic 
deformation induced during the quench stage. Limited stress relief occurs during the 
artificial ageing step (Robinson et al., 2003), as will be verified in this chapter. The 
final residual stress state of a component following heat treatment will be altered by 
the finish machining process. 
In this chapter, a two-stage thermal mechanical model was developed to predict the 
residual stress of the automotive wheel, arising from the quench stage of a T6 heat 
treatment and released through finish machining. The resulting predictions were 
compared to residual strain measurements made on as-quenched wheels via a strain 
gauge/sectioning technique. The predictions were shown to be sensitive to the alloy's 
flow stress behaviour, yet no data was available for the temperature-dependent and 
strain-rate-dependent inelastic behaviour of A356 in the as-solutionised condition. 
Measurements of this behaviour were made using a GLEEBLE™ 3500 and the data 
was incorporated into the model, significantly improving the correlation between 
model and experiment. 
4.1 Experimental Investigation 
4.1.1 Flow Stress 
Isothermal compression tests were performed to measure the flow stress of A356 in the 
as-solutionised condition as a function of strain, strain rate and temperature. The series 
of experiments was designed to cover the temperatures (500 °C down to room 
temperature) and strain rates (0.001 to 1 s"') encountered during a typical T6 quench 
(Maijer et al., 2004). The experimental parameters and results are given in Table 4.1. 
G L E l i B L E is a registered t rademark of Dynamic Sys tems Inc., Poesternkill , NY, USA. 
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Table 4.1 Experimental parameters and results for A356 flow stress 
measurements. 
Experimental Parameters Experimental Results (±4%) 
Temperature Strain Hold Time at Test Initial Flow Initial Flow 
Rate Temperature Stress, s = 0.002 Stress, £ = 0.2 
(°C) (s"') (s) (MPa) (MPa) 
20 - 95 255 
100 110 66 194 
150 60 55 182 










350 10 28 39 
400 5 21 27 
450 5 15 18 
500 5 13 15 



















(A, == 47 p.m) 
0.01 5 25 27 
400 
= 23 |im) 
0.01 5 23 27 
Note: secondary dendrite arm spacing is approximately 35 ]um unless otherwise 
stated. 
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As detailed elsewhere (Yi et al., 2003), A356 of similar composition to the wheel 
(wt%: 7.25Si, 0.32Mg, 0.06Fe, <0.01Cu, <0.01Mn, <0.01Cr, <0.01Ni, <0.02Zn, 
<0.0ITi and <0.0IB) was cast into a wedge shaped permanent mould to create a range 
of solidification times, as characterised by the secondary dendrite arm spacing 
Cylindrical specimens (15 mm in length by 10 mm in diameter) were sectioned from 
these castings at different locations to provide different values of . The specimens 
used to determine the influence of temperature and strain rate were taken from the 
central region with a of approximately 35 pm. Prior to testing, the specimens were 
solutionised at 540 °C in an electric resistance furnace for 4 hours and immediately 
quenched into agitated water at 30 °C and stored at -20 °C to minimise natural ageing. 
The compression tests were performed within 24 hours of solutionising. 
The compression tests were carried out in a GLEEBLE 3500 Thermo-Mechanical 
Simulator using the thermal cycle shown in Fig. 4.1. The specimens were heated at 
10 °C/s to the solution temperature of 540 °C, and held for 30 seconds following a 
similar procedure to previous work (Estey et ai, 2004). The specimens were then 
cooled to the compression test temperature at a significantly higher cooling rate 
(20 °C/s instead of 5 °C/s) than that used by Estey et al. (Estey et al, 2004). Upon 
reaching the testing temperature, the specimens were held isothermally to allow 
thermal stabilisation (see Table 4.1 for hold times). Compression was then applied to a 
maximum strain of 0.6. 
A themiocouple was welded to the middle of the specimen's gauge length to record the 
temperature history during tests. A strain gauge was used to measure the change in 
diameter of the specimen, from which the true strain was then calculated. The 
specimens were compressed between two hydraulically driven tungsten carbide platens. 
Graphite sheets were placed between the sample and the platens to reduce friction and 
thus minimise any barrelling effect. 
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Fig. 4.1 Thermal cycle in the flow stress experiments using the GLEEBLE 
3500. 
4.1.2 Residual Elastic Strain Measurements 
To validate the residual stress model, elastic strains were measured at three locations in 
both as-quenched and as-aged wheels. The wheels ( -480 mm in diameter) were 
instrumented with the VISHAY MICROMEASUREMENTS™ rectangular rosette 
strain gauges (three 5 mm x 1,5 mm gauges in an 8.5 mm x 7 mm rosette). All the 
gauges had a resistance of 120 Q ±0.5%, a gauge factor of 2.13, and were compensated 
for aluminium. The gauges were mounted using a standardised procedure, as follows. 
First the surface was prepared by abrading with sequentially finer SiC sand paper and 
swabbed with acetone. The strain gauge was rinsed with denatured ethyl alcohol, dried, 
and bonded to the sample's surface using VISHAY MICROMEASUREMENTS M-
Bond 200 adhesive. Pressure was applied for 4 minutes using a Teflon tape interface 
baiTier to prevent bonding between the gauges and the pressure applicator. After 24 
hours curing time, the gauges were soldered to terminal pads using bare lead wires. 
V I S H A Y M I C R O M E A S U R E M E N T S is a registered t rademark of Vishay Inter technology Inc. 
Malvine, PA, USA. 
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The measurements were conducted on a STRAINSERT - TN8C"' strain indicator 
using a quarter-bridge circuit configuration. Residual elastic strain measurements were 
made by: i) initially taking baseline measurements, ii) cutting away as much metal 
from the gauge as possible (leaving a sample - 1 5 mm square and 5 mm thick), and iii) 
taking final measurements. 
4.2 Model Theory 
A thermo-mechanical model was developed (see Fig. 4.2) using the general purpose 
finite element program ABAQUS to predict the final residual stress distribution in the 
wheel after the two sequential processing steps of quenching and machining. As will 
be demonstrated, the residual stress relief during artificial ageing was negligible and 
was not included in the model. The full wheel was meshed, requiring -75,000 nodes 
and -327,000 linear tetrahedral elements. Linear instead of higher order elements were 
used so as to dramatically reduce the computation time (by estimated 10 - 100 times) 
and memory requirements. Fig. 4.3 shows a 30° slice of the model to illustrate the 
mesh resolution and the amount of material removed during machining (highlighted in 
white). 
S T R A I N S E R T is a registered t rademark of Strainsert Co., West Conshocken , PA, USA. 
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Thermal Analysis 
Temperature at each time step 


















Stress Evolution Analysis 
Temperature History Analysis 




Fig. 4.2 Flow chart of residual stress model. 
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20 mm 
Fig. 4.3 1/12 section of the wheel mesh used in the FE model including the 
removed elements (white) during machining. (Note: Gi - G3 are strain gauge 
locations) 
4.2.1 Residual Stress Evolution during Quench 
4.2.1.1 Thermal Model 
The themial phenomena occurring during the T6 quench include: i) heat conduction 
within the wheel; and ii) convective heat transfer between the wheel surfaces and the 
quench water (55 °C). The thermal history of the wheel during the quench cycle was 
predicted in a transient heat transfer analysis by solving the heat conduction equation; 
P ( r ) ' C , ( r ) ~ = v [ / i ( r ) - v r ) 
at 
(4.1) 
where T is the temperature, p{T) is the density, C^{T) is the specific heat, and k{T) 
is the themial conductivity. Eq. (4.1) was solved by assuming an initial temperature 
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equal to the solution temperature and applying a convective boundary condition to the 
exposed surfaces of the wheel as: 
(4.2) 
where h{T) is a heat transfer coefficient and h is the outward point direction normal 
to the surface. Table 4.2 lists the temperature dependent thermophysical property data 
of A356 used in the model, as obtained from Mills (Mills, 2002). The heat transfer 
coefficient was detemiined experimentally for a single wheel as a function of the 
wheel 's surface temperature (Estey, 2004) and fitted to the form of equation proposed 
by Bamberger and Prinz (Bamberger et al, 1986) for immersion cooling (Fig. 4.4). 
The thermal model was also run with half (0.5 ) and double (2 ) the baseline 
convection coefficient relationship ( ) (Fig. 4.4) to investigate the sensitivity of 
residual stress to the quench rate used. 
Table 4.2 Thermophysical properties of A356 used in the model (Mills, 2002). 
Temperature Thermal Conductivity Specific Heat Density 
(°C) (W-m'-K' ) (J-kg-'-K"') (kg-m'^) 
25 163 880 2680 
100 165 921 2662 
200 162 967 2641 
300 155 1011 2620 
380 153 1046 2602 
400 153 1055 2600 
500 145 1098 2578 
567 134 1127 2567 
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200 300 400 
Surface Temperature (°C) 
500 
2 / l n 
K 
A 0.5/1 0 
600 
Fig. 4.4 Convection heat transfer coefficient as a function of the surface 
temperature (Bamberger et al, 1986). 
4.2.1.2 Stress Model 
A sequentially coupled thermal stress model was used because the thermally induced 
deformations during quenching are small with negligible heat generated due to plastic 
deformation. The temperature history predicted during quench was imposed as a 
themial load in the stress model. Thermal strains were calculated using a constant 
thermal expansion coefficient for A356 of 26x10'^ K"'. The total strain g, was 
partitioned into: 
(4.3) 
where and are the theirnal, elastic and plastic strain components, 
respectively. The defomiation was calculated using isotropic, rate-dependent elasto-
plastic constitutive behaviour assuming a Mises yield criterion. Elastic properties 
included temperature dependent Young's modulus (Kaufman, 1999) and constant 
Poisson ratio (y = 0.3). The stress-strain data describing the constitutive behaviour of 
A356's flow stress as a function of temperature (up to 500 °C), strain (up to 0.6) and 
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strain rate (0.001, 0.01, 0.1 and 1 s"') in the as-solutionised condition was determined 
by linearly interpolating tabulated experimental data from both this study 
(experimental section) and previous work (Estey et al, 2004). 
In order to avoid bulk motion of the wheel, one node was fixed in all directions while 
the nodes along two perpendicular cut-planes passing through the centre of the wheel 
had their displacements fixed normal to the plane. 
4.2.2 Residual Stress Redistribution during Machining 
The change in residual stress during machining was simulated by removing the 
elements corresponding to material cut-off during finish machining from the 
calculation domain. The stress/strain state in the wheel was then re-equilibrated. The 
model ignored the inelastic surface strains potentially introduced by the cutting process. 
The elasto-plastic constitutive behaviour for A356 in the final T6 state was measured 
experimentally using samples taken from the final wheel and fitted as discussed above. 
4.3 Flow Stress Behaviour 
A series of measurements was conducted at temperatures ranging from room 
temperature to 500 °C at a strain rate of 0.01 s ' (Fig. 4.5 and Table 4.1). The material 
exhibits hardening at temperatures up to - 3 0 0 °C; above this temperature the flow 
stress is less sensitive to strain. In the as-solutionised condition, A356 alloy tends to 
form Mg-Si precipitates that can significantly alter the mechanical properties. 
Therefore, below 300 °C, Mg-Si particles form and grow, pinning dislocations and 
enhancing yield strength (Kocks et al., 2003) as shown in Fig. 4.5. The error in these 
measurements was determined by performing 5 repeats at 400 °C (the central 
condition). Based on the standard deviation in these results, there is an error of ±4%. 
Another series of measurements was performed to determine the influence of strain 
rate at temperatures of 400 and 500 °C (Table 4.1). As shown in Fig. 4.6, the 
constitutive behaviour of A356 is very dependent on strain rate at high temperature 
(>300 °C). The flow stress increases with strain rate; moderate hardening is also 
observed at higher strain rates. 
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Fig. 4.6 Flow stress curves at different strain rates (temperature = 400 °C). 
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A range of secondary dendrite arm spacing ( ) was observed within the wheel (from 
metallographic examination), which can be related to variations in microsegregation. 
Therefore, the effect of this variation in microstructure upon the flow stress was also 
investigated. Specimens with the two extremes in 2^ (23 and 47 p.m) were tested at 
400 °C with a strain rate of 0.01 s"' (Table 4.1). The secondary dendrite arm spacing 
was found to have almost no effect on constitutive behaviour of A356 alloys at higher 
temperatures, although previous work (Kocks et al., 2003) suggests that the yield 
stress increased when decreased from 60 to 10 p.m at room temperature. 
4.4 Thermal/Stress Phenomena during Quench 
4.4.1 Evolution of the Thermal and Stress Fields 
The entire wheel cools from the solution temperature (540 °C) to 100 °C in 
approximately 12 seconds. However, the cooling rate varies depending on the local 
section thickness (Fig. 4.7). This variation in cooling rates causes adjoining material to 
have different thermal histories. Fig. 4.8 compares the thermal history between typical 
surface and core nodes at the rim/spoke joint. This thermal history variation causes 
thermal gradients which give rise to residual stresses. 
The coupled thermal/stress history can be divided into three stages during quench 
(Figs. 4.8 and 4.9): 
Stage I (< ~4 seconds): the wheel surface cools at twice the rate of the core (90 
versus 40 °C/s). Due to the higher cooling rate, the surface experiences a 
greater contraction which is resisted by the core causing tensile plastic strain to 
develop on the surface and compressive plastic strain in the core. This stage 
lasts until the surface reaches a temperature ( -200 °C) where it has sufficient 
strength to resist plastic flow. 
Stage II (4 - 8 seconds): the core continues to cool down at 40 °C/s to - 2 0 0 °C 
reducing the thermal gradient in the process as the surface cooling rate 
decreases to 5 °C/s. During this stage the core contracts more than the surface, 
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altering its stress state from compressive to tensile, with a balancing 
compressive state at the surface. 
Stage III (> ~8 seconds): Although the cooling rate differential is much lower 
(~8 and 4 °C/s), the residual stresses continue to accumulate due to the 
difference in plastic strain and the decrease in thermal gradient between the 
surface and the core. 
The thermal stress evolution during quench reveals that the residual stress state is 
dominated by the phenomena occurring at the end of stage I (200 - 350 °C), when the 
peak tensile stresses generate plastic strains which govern the final stress magnitude, 
although the final residual stress distribution is reversed in sign (Fig. 4.9). 
Surface node 20 mm 
Core node 
Fig. 4.7 Temperature distribution at 12 seconds after start of quench. (Note: 
the temperatures and stresses, plotted in Figs 4.8 and 4.9 respectively, are taken 
from the indicated core and surface nodes.) 
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Fig. 4.8 Temperature history of typical surface and core nodes in Fig. 4.7 
during quench. 















Fig. 4.9 Stress evolution of typical surface and core nodes in Fig. 4.7 during 
quench. 
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4.4.2 Residual Stress Distribution 
After the quench operation, the residual stress distribution in the majority of the wheel 
fits the above description, with a compressive state at the surface and tensile internal 
residual stress (Fig. 4.10(a)). Tensile residual stresses arise at some surface locations 
where there is complex geometry (e.g. the inboard surface of location P2, Fig. 4.10(a)). 
The magnitude of the residual stress is greater at the thicker sections which experience 
larger thermal gradients. The distribution of residual stress is important since surface 
compressive stresses can improve fatigue performance by inhibiting crack initiation 
(Yi et al., 2003; Gao et ai, 2004b); conversely, tensile residual stresses can combine 
with in-service cyclic loads to reduce fatigue life. 
The variation in stress state through the thickness is shown quantitatively in Fig. 4.11 
for the two curves marked as Pi and P? in Fig. 4.10(a). Crack initiation sites were 
found on the inboard surfaces at these locations during the full scale bending (Pi) and 
radial (P?) fatigue tests. The residual stress along both of these paths shows the classic 
transition from large tensile stresses in the core to compression, or nearly compressive, 
at the surface (note the inboard surface of P2 is in a state of low tension since it is at the 
inside of a curved comer). The wheel is thicker at P2, as compared to Pi, therefore the 
core residual stresses are larger, - 1 6 0 versus ~90 MPa. 
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Fig. 4.10 Residual stress (maximum principal stress) distribution after: (a) 
quench and (b) machining. (Note: the stresses plotted in Fig. 4.11 are taken 
from nodes lying along curves P, and P2.) 
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Distance from the Outboard Surface (mm) 
(b) 
Fig. 4.11 Variation of residual stresses along the curves (a) P, and (b) P? in 
Fig. 4.10 for different quench rates: base case (A^); half the base case (0.5 Ag); 
and 2 times the base case(2 ). (Note: solid line/symbols represent after 
quenching; dashed line/hollow symbols indicate after machining.) 
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4.4.3 Effect of Quench Rate on Residual Stresses 
In order to investigate the influence of quench conditions on the residual stress, the 
sensitivity to the convective heat transfer between the component and water bath was 
studied by doubling (2 ) and halving (0.5 Aq) the baseline heat transfer coefficient 
(Ag). The thermal history of the wheel is significantly affected by the convective heat 
transfer phenomena; the wheel cools more quickly due to an increase of quench rate 
(Fig. 4.12). This indicates that an accurate characterisation of the convective boundary 
condition is critical to the temperature predictions of the quench process. In this study, 
the baseline heat transfer coefficient { Jiq ) was selected based on an investigation where 
thermocouple data from an industrial facility was compared to model predictions on a 
geometrically similar A356 wheel (Estey, 2004). In industrial practice, the wheels are 
quenched in batches, and there will be some variation about this value depending upon 







Fig. 4.12 Temperature history of a typical core node for different quench heat 
transfer coefficients. 
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At 2 //q , the time to reach 100 °C decreased from - 1 2 to 8 seconds, leading to enhanced 
thermal gradients. This causes an increased differential stresses during the quench, 
resulting in higher tensile stresses in the core and increased compressive stresses at the 
surface (Fig. 4.11). The magnitude of this effect is shown in Fig. 4.13, where the stress 
variation of typical core (tensile) and surface (compressive) nodes is plotted as a 
function of quench heat transfer coefficient (note: the nodes plotted are the same nodes 
as in Figs 4.8 and 4.9). 
The subsurface tensile stresses (>5 mm in depth) increase with the quench intensity, 
e.g. from 20 - 50 MPa to 30 - 80 MPa in the inboard subsurface at Pi when is 
doubled. Although increasing the surface compressive stress by doubling may be 
inteipreted as being beneficial to fatigue strength, the simultaneously increase in 



















Quench Heat Transfer Coefficient (x/jq ) 
Fig. 4.13 Quench-induced residual stresses as a function of quench heat 
transfer coefficient. 
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4.5 Residual Stress Relaxation during Machining 
Comparing Figs. 4.10(a) and (b) illustrated that the machining process reduces internal 
tensile residual stress and also reduces the gradient in residual stress. The magnitude of 
this reduction in the core tensile stress was on the order of 10% - 20%, e.g. from 90 to 
80 MPa at Pi and from 160 to 140 MPa at P2 (Fig. 4.11). Note that the residual stresses 
were not affected at the outboard surface where machining was not performed. When 
the compressive surface layer was removed, the majority of newly exposed surface 
was still in compression, albeit with a reduced magnitude, based on the new 
equilibrium stress state (Figs. 4.10(b) and 4.11 (a)). 
After the material removal and re-balancing of the stress state, subsurface regions in a 
state of tension (Figs. 4.10(b) and 4.11(b)) were exposed that may contain pores. The 
combination of these factors can be highly detrimental to fatigue crack initiation. The 
tensile residual stress on the inboard surface at P2 increases from 20 to 60 MPa after 
the machining operation (Fig. 4.11(b)). The new subsurface (5 mm) tensile residual 
stress levels are high; they are of the same order as the in-service applied stress, i.e. 20 
- 50 MPa at P| and 90 - 110 MPa at P2. 
4.6 Model Validation 
Elastic strains were measured at locations Gi, G2 and G3 (Fig. 4.3) in both as-quenched 
and as-aged wheels. These locations were selected because the local residual stress 
distribution near locations Gi - G3 was predicted to be relatively uniform by the model, 
simplifying analysis of the measurements. 
4.6.1 Residual Stress Relief after T6 Ageing 
The percentage strain relief after the T6 ageing process was defined as: 
e x p ( a g e d ) _ exp(qu) 
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where and j^-g measured elastic strains for the as-quenched and as-
aged wheels, respectively. The reduction in elastic strain during ageing was less than 
20% (Table 4.3), indicating a small reduction in residual stress. Therefore, due to both 
the small magnitude of this effect and the absence of the necessary flow stress data to 
describe the inelastic behaviour of A356 alloy during ageing, the strain release during 
the T6 ageing process was neglected in the current model. 
4.6.2 Residual Stress Model Validation 
The deviation (?/ , ) between predicted ( ^ ) and measured strains ( ) was 
defined to assess the accuracy of residual stress prediction for the quench stage: 
nod(qu) , e x p ( q u ) 
, e x p ( q u ) 
Xl00% (4.5) 
The predicted strains are within 30% of those measured in the as-quenched wheels 
(Table 4.3). This represents a good agreement considering that the measurement 
technique integrates the residual strain of the volume of material attached to the strain 
gauge following sectioning. This illustrates that the residual stress model is sufficiently 
accurate to represent the quenching process of the wheel. 
Table 4.3 Elastic strain relief after ageing and comparison between the 
measured and predicted elastic strains during the quench. 
Measured Predicted 
Loc. After Quench After Ageing Strain Relief After Quench Deviation 
(x |0-^) ,±l% (x ia-*) ,± i94 V, C%) (xlO'^) %2(%0 
G, 738 689 -7 662 -10 
G2 113 93 -18 132 17 
G3 506 460 -9 354 -30 
This is an average of three measurements with a standard deviation of 1%. 
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4.6.3 Sensitivity of Model to Flow Stress Data 
In order to evaluate the influence of the accuracy of the constitutive behaviour on the 
residual stress predictions, the model was run with A356 flow stress data from the 
following conditions: i) as-cast (Maijer et al, 2004); ii) as-solutionised; and iii) final 
T6 (Kaufman, 1999). The comparison between the predicted and measured elastic 
strain for each case is shown in Fig. 4.14, demonstrating that the as-solutionised flow 
stress data offers a more accurate characterisation of the quenching process compared 
to the other conditions, notably in the thin section (G3). 
The marked inaccuracy when using the as-cast and final T6 flow stress curves in the 
thin region suggests that the inconsistency may arise due to changes in the strain rate 
sensitivity - the strain rate is the highest in this region and only the as-solutionised 
data captures this influence accurately. At high strain rates ( > 0.05 s"'), the as-
solutionised flow stresses are substantially different than those in the final T6 and as-
cast conditions (Estey et al., 2004), causing the increased error at G3. At low strain 
rates, the flow stress data is similar for all three conditions (Estey et al., 2004), thus 
reducing the error. 
O As-cast 
o 
& O As-solutionised 
E A Final T6 $ 
^ 6 









Measured Elastic Strain (xlO'^) 
Fig. 4.14 Comparison between the measured and predicted elastic strains for 
models using flow stress data obtained from different test conditions. 
- 8 4 -
Chapter 4 Residual Stress Predictions 
4.7 Summary 
A mathematical model was developed to predict the residual stress distribution of an 
A356 alloy wheel, taking into account: i) residual stress evolution during the T6 
quench process; and ii) redistribution of residual stress due to material removal at 
machining stage. 
Isothemial compression tests in a GLEEBLE 3500 were performed to characterise the 
flow stress of an A356 alloy in the as-solutionised condition. It was found to be both 
temperature and strain rate dependent. Incorporating this data into the model revealed 
that residual stress predictions are sensitive to the flow stress data. Using the as-
solutionised data, the predicted strains matched the measured strains more accurately, 
halving the error as compared to as-cast data in regions that experience high strain 
rates during quench (e.g. thin sections). 
The quench-induced residual stress evolves mainly between 200 - 350 °C, leading to a 
predicted final stress distribution of compression on the surface and tension in the core. 
The predicted elastic strains during the quench were in good agreement with those 
measured using strain gauges and sequential sectioning. Subsequent machining relaxed 
the residual stresses, decreasing their magnitude by 10 to 20%. However, the removal 
of the compressive surface layer exposes areas of tensile residual stress which will 
reduce fatigue performance. 
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Chapter 5 Through Process Modelling for Fatigue Life Predictions 
Fatigue life is a key consideration in the design of cast aluminium alloy components due to the cyclic nature of in-service loading in transport applications. As described in Chapter 2, a predictive tool, which is termed 
'through process modelling', can be used to link the influence of the manufacturing 
process with in-service loading to predict final fatigue behaviour of the component 
(schematically shown in Fig. 2.14). Each of the critical manufacturing sub-processes is 
linked to an overall service model that incorporates the key influencing factors (e.g. 
microstmctural features, residual stress and cyclic stress/strain). 
The first step in this methodology, corresponding to the first stage of manufacturing, is 
the development of a casting model to predict microstructural features and defects, 
such as secondary dendrite arm spacing and porosity. The second step is to simulate 
the T6 heat treatment, predicting the residual stress distribution developed during 
quenching. In the third step, the residual stress relief upon removal of a layer of 
surface material during machining is predicted. The fourth step focuses on the in-
service behaviour, predicting the stress state arising from both the applied cyclic load 
and the residual stress. In the final step, the performance is predicted by linking the 
microstructural features and stress state in a fatigue life calculation. 
In this chapter, a validated in-service stress model was developed to predict the 
variation of stress in an A356 automotive wheel during a bending fatigue test, with the 
initial residual stress resulting from the manufacturing process as predicted in 
Chapter 4. The local cyclic stress state was incorporated into the through process 
model to calculate the fatigue life. The predictions of the in-service cyclic strain 
variation under different bending loads were compared with experimental 
measurements of strain. The predicted fatigue lives of wheels tested at different loads 
were validated against bending fatigue test data. 
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5.1 Experimental Methodology 
5.1.1 Bending Fatigue Test 
The bending fatigue test (SAE J328, Fig. 5.1) is used by some wheel manufacturers to 
assess the fatigue performance of wheels for loading consistent with cornering 
(bending moment applied during continuous rotation). This test is typically part of 
standard operating practice to periodically assess product quality and qualify new 
designs. The inboard rim flange is centred and clamped securely to a rotating table. A 
rigid shaft is then attached to the hub section of the wheel and fastened with bolts 
tightened to specified torque. The load shaft weight is compensated for in the test 
machine so that there is no axial load on the test wheel. Three load levels (2.4, 3.6, 
4.2 ±3% kN) were applied in a direction perpendicular to length of the shaft 1 m below 
the wheel hub providing a constant bending moment. The shaft was rotated at 240 rpm 









Fig. 5.1 (a) The bending fatigue test setup without wheel unmounted and (b) 
the schematic of the test. 
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5.1.2 Cyclic Strain Measurements 
The elastic strains arising in the bending fatigue tests were measured at three locations 
(L| to L3 in Fig. 5.2) in the same spoke of a finish wheel. The locations were selected 
based on model peak strain predictions. The wheel ( -480 mm in diameter) was 
instrumented with aluminium compensated, rectangular rosette strain gauges to 
allow the determination of the principal strains. The gauges were bonded following a 
standardised procedure of surface preparation, as described in Chapter 4. The strain 
measurements were conducted using a STRAINSERT - TN8C strain indicator 
employing a quarter-bridge circuit configuration. 
Prior to mounting the instrumented wheel on the bending fatigue test machine, strain 
measurements were performed to determine the effect of bolt torque. The wheel was 
mounted and the baseline strains were measured. The bending load was applied and 
the wheel was manually rotated at 30° or 60° increments through a half cycle (180°) 
with the instrumented spoke initially placed parallel to the loading direction (0°). At 
each angular position, the strains were measured. The strain variation at the gauge 
locations was then calculated by subtracting the baseline measurement. 
2 0 m m 
Z , 
Fig. 5.2 Schematic of strain gauge locations (L| - L3) in the 1/12 section of 
the wheel. 
H B M is a registered t rademark of HBM G m b H . Darmstadt , Germany . 
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5.1.3 Fatigue Life Measurements 
A total of 5 wheels were tested at two different load conditions (2 at 2.4 kN and 3 at 
3.6 kN). The tests were stopped periodically to inspect the wheel for crack initiation 
using ARDROX"' dye penetrant. Tests were initially stopped after long intervals (e.g. 
25,000 cycles for the 3.6 kN load) until the first small surface crack (~1 mm) was 
observed; then shorter intervals (e.g. 5,000 cycles for the 3.6 kN load) were used. The 
wheel was considered to have failed and the test finished when a crack of >5 mm was 
observed. 
5.2 Model Theory 
The through process methodology includes the following modelling steps: i) casting; ii) 
heat treatment; iii) machining; iv) in-service loading; and v) performance prediction. 
The microstructural features of maximum pore length ( 2 ^ ^ ) and secondary dendrite 
arm spacing (/L,) are the key predictions of the casting step. The residual stress state is 
initially predicted in the heat treatment step and its relaxation is characterised in the 
machining step. The result from step iii is combined with a cyclic load to determine the 
overall in-service stress state in step iv. In the final step, the microstructural features 
and stress state are combined to predict the fatigue performance of the component. The 
modelling theory has been described in Chapter 4 for steps ii and iii; therefore only the 
theory for steps i, iv and v is detailed below. 
The models of each step were developed within the framework of the finite element 
software ABAQUS. User subroutines were coded to apply the relevant initial and 
boundary conditions and predict fatigue life. A common finite element mesh of the 
wheel geometry was used in each model to facilitate data transition between steps. The 
full finish wheel was meshed using -45,000 nodes and -164,000 linear tetrahedral 
elements. 
A R D R O X is ;i registered t rademark of Chemetal l Oaki te Products Inc., Berkeley Heights, NJ, USA. 
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5.2.1 Solidification Microstructure/Defect Prediction 
A validated thermal macromodel of the casting and die was used to predict the local 
solidification time throughout the wheel during the casting process (Zhang et al, 2005 
(Submitted)). Independently, an in-house three-phase micromodel was run over a wide 
range of parameters on a representative elemental volume (REV), predicting the full 
distribution of pores formed for those conditions (Lee et al., 2001b; Atwood et al., 
2003). Regression analysis was applied to the results to produce an model derived 
constitutive equation to predict the maximum pore size ( 1 ^ , defined as the mean 
value plus three times the standard deviation), as a function of solidification time and 
initial hydrogen content (see Eq. (2.7) where c, = 51.42 and c, = 1.57 were 
determined for the wheel) (Lee et al., 2004). This constitutive equation was integrated 
into the macromodel to predict assuming an initial hydrogen content of 
0.07 ml/1 OOg STP. Similarly, the secondary dendrite arm spacing ( ) was also 
predicted as a function of local solidification time, although in this case the correlafion 
used was experimentally derived (Brown et al., 2002). 
5.2.2 Cyclic (In-service) Stress Model 
The cyclic stress state seen at any location is a function of the residual stress arising 
from the manufacturing process and the loading during service. The stresses developed 
in the wheel during the bending fatigue test comprise: i) pre-stresses due to bolt torque 
and shaft weight, ii) cyclic stresses due to the bending loads, and iii) dynamic stresses 
from centrifugal forces. The elastic stresses generated from bolt torque may influence 
the stress/strain state; however, this influence is negligible and has not been included 
in the model (Firat et al., 2004). The pre-stresses resulting from the shaft weight was 
compensated for during the tests. A previous study at a much higher rotational speed 
(600 ipm) demonstrated that the maximum elastic stress corresponding to the 
centrifugal force was negligible (1.2 MPa) (Firat et al., 2004). Therefore, only the 
loading stress occurring during the bending fatigue test is simulated. 
The bending fatigue test model (Fig. 5.3) is a static stress analysis that predicts the 
complex multiaxial stress/strain variation. To simulate rotational loading, nodal 
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displacements on the inboard rim flange were restrained and the direction of the 
loading force ( F ) applied to the shaft was rotated 360° as a function of time. Based on 
the rotation angle {9), starting with 0° aligned with a spoke, the component loading 
forces ( a n d F^) were calculated and applied to the shaft at a reference node 
(Fig. 5.3(b)). A bending moment was generated in the spokes using rigid beam multi-
point constraints (ABAQUS, 2002) linking the shaft reference node to nodes on the 
mounting surface of the wheel (Fig. 5.3(a)). 
The residual stress distribution in the wheel following the heat treatment and 
machining steps was used as an initial condition by importing the elastic strains. The 
predicted equivalent plastic strains were also incorporated to determine the local flow 
stress state. The constitutive behaviour of A356-T6 was implanted using a Young's 
modulus of 70 GPa, Poisson ratio of 0.3, and tabular flow stress varying with plastic 




Fig. 5.3 Schematic of (a) the model constraints/cyclic loads for a bending 
fatigue test and (b) top view of cyclic loads used in the simulation. (Note; the 
30° section highlighted is used for illustration of results.) 
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5.2.3 Fatigue Life Prediction 
In the through process modelling methodology, fatigue life {N^) was predicted with a 
relationship combining the stages of crack initiation (N-^) and propagation ( # ), as 
described by Eq. (2.5) (Yi et al, 2004; Yi et al, 2006). Initial crack length {a-) was 
taken as maximum pore length ( 1 ^ ). Material constants (Cg, C,, k^, a , f3, s and t) 
were experimentally determined for A356-T6 alloys, using 5 mm gauge diameter 
specimens where fracture was taken to be a crack depth of 3 mm, as judged by the 
change in compliance monitoring method (Yi et al., 2004). Eq. (2.5) was incorporated 
into the service stress model through a user subroutine to calculate the fatigue life of 
each location in the wheel based on the local stress/strain state. The maximum 
principal stress and strain predicted by the service stress model were used in Eq. (2.5). 
Additionally, the maximum pore length and secondary dendrite arm spacing predicted 
by the casting process model were read into the model as field variables and used in 
the fatigue life calculation. 
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5.3 Solidification Microstructural/Mechanical Properties 
Fig. 5.4(a) shows the predicted maximum pore size ( 1 ^ ) over a section of the wheel 
illustrating that the values are strong function of the solidification time, with relatively 
small pores in the quick cooling thin sections (121 |im at L4) as compared to much 
larger pores at the thick section (208 |im at L,). Large pores that form near or at the 
surface of the spoke can act as fatigue crack initiators significantly reducing 
performance. Although not shown in the figure, is very sensitive to the initial 
hydrogen content, almost doubling in length when the hydrogen level is increased by 
50%. Controlling the hydrogen level in the melt before casting is therefore critical to 
keep porosity to a minimum. 
X-ray microtomography (XMT) scans were preformed on 2 and 6 mm diameter 
cylindrical specimens cut from selected locations in the wheel casting to validate the 
pore size predictions (details of the experimental and analytical methodology are 
described in Section 3.1). The measured values, together with renderings of typical 
average and maximum length pores are shown in Fig. 5.4. The predicted value for 
Aiiax is within 20% of the experimental value at all three locations, illustrating an 
excellent quantitative correlation, especially since these are extreme values. Figs. 5.4(b) 
& (c) show the typical morphology of the pores as measured via XMT. At the low 
hydrogen levels used in wheel castings, pores nucleate and grow in the intergranular 
and/or interdendritic space after the primary grains are relatively well formed, leading 
to a highly tortuous shape, as illustrated by the long pores observed by XMT shown in 
Fig. 5.4. Models which only predict the equivalent pore radius will significantly under-
estimate the pore length, leading to erroneous fatigue life predictions. 
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121 vs 
20 mm 









Fig. 5.4 (a) Maximum pore size distribution and comparison between 
predicted (bold) and measured {italic) results at locations L| and L4, and XMT 
observations on (b) typical and (c) largest pores. 
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The predicted distribution of secondary dendrite arm spacing ) is shown in Fig. 5.5 
together with metallographically measured values at selected locations. Agreement 
was very good. Based on the predicted values, the local yield strength (cr ) was 
also calculated using an experimentally derived correlation (Maijer et al, 2004), with 
predictions comparing well with yield stress measured from tensile test samples cut at 
the corresponding locations (Fig. 5.5). 
The values of all three microstructural and mechanical parameters ( Z , ^ , and cr ) 
are passed through to the next stages of the through process model so that they can be 
incorporated into the prediction of the final fatigue performance. 
(fim): 34 
^ (|Lim): 40 vs. 36 
<7 (MPa): 206 vs. 205 
60 
20 mm 
46 vs. 45 
192 vs. 194 
Fig. 5.5 Comparison between the predicted (bold) and measured {italic) 
results of secondary dendrite arm spacing and yield strength. 
9 6 -
Chapter 5 Through Process Modelling for Fatigue Life Predictions 
5.4 Cyclic Stress Phenomena 
5.4.1 Cyclic Stress 
The service model of the bending fatigue test was used to predict the stress variation in 
the wheel during rotation (e.g. a single loading cycle) for two conditions; with and 
without the residual stress (Fig. 5.6). The stress state in the wheel neglecting residual 
stress (Fig. 5.6(a)) indicates that the maximum tensile stress is generated on the 
inboard side of the spoke (e.g. - 6 0 MPa at Li). The addition of residual stress 
(Fig. 5.6(b)) significantly influences the predicted stress state in the wheel revealing 
the importance of accounting for both the residual and the loading stresses. 
The cyclic variation of stress with loading direction at locations L, and L? (Figs. 5.7 
and 5.8) is dominated by the stress arising from the bending moment (the product of 
the applied load and its distance from the wheel mounting surface) rather than the 
residual stress. The variation of each stress component for the loading only condition is 
fully reversed, i.e. with a stress ratio {R) equal to -1 (Fig. 5.7) and the stress amplitude 
may be determined by the magnitude of the applied bending load. However, the peak 
cyclic stress of each stress component occurs at different loading directions; e.g. peak 
stresses in .Y and}' directions at location L| occur at loading directions of 345° (or -15°) 
and 15°, respectively (Fig. 5.7(a)). 
As shown in Fig. 5.7, cyclic variation of the stress components considering the 
influence of residual stress is not fully reversed ( ^ 9^  - 1 ). The residual stress 
components offset the loading-only case cyclic stress components by a shift in the 
appropriate direction - positive for tensile and negative for compressive (Fig. 5.7). For 
example, the large compressive residual stress in the y direction (-33 MPa) on the 
surface at Li causes the final cyclic stress to be compressive throughout the cycle 
(Fig. 5.7(a)). The resulting amplitude of the stress component variation considering 
residual stress is unchanged because of the uniform offset. 
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Fig. 5.6 Maximum principal stress distribution (a) without and (b) with 
initial residual stresses for the loading direction indicated {6 = 0°). 
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60 - e — L o a d i n g + Res idual 
L o a d i n g O n l y 
3 6 0 
20 
Posit ion during a Cycle , d (°) 
(a) 
G - G - G - Q - O 
= 10 
75 0 
Posit ion during a Cycle , 6 (°) 
(b) 
Fig. 5.7 Comparison of stress component variation with and without initial 
residual stresses at locations: (a) L| and (b) L]. (Note: residual stress 
components are = -15 MPa, cr^ , = -33 MPa for L,; = +11 MPa, cr^ = 
+ 16 MPa for L?.) 
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Although the combined cyclic stress component can be determined through simple 
addition of the residual and loading stresses in the corresponding directions, the 
maximum principal cyclic stress state and its local orientation are not simple algebraic 
additions of the two contributions (Table 5.1 and Fig. 5.8). Note that in Table 5.1, 
plane stress conditions have been assumed at L, for illustrative purposes. The stress 
ratio based on the maximum principal stress variation considering loading and residual 
stress is not fully reversed, e.g. R = -0.1 at L, and 0.5 at L2. Note that the stress states 
are tensor values, and as such the residual and applied stress amplitudes are not 
additive. Both the variations in stress ratio and amplitude occur due to the conversion 
to principal stress and the resulting change in orientation of the principal stresses. 
Table 5.1 Comparison of stress components and principal stresses predicted at 
location L|. 
Stress C o m p o n e n t Principal Stress 
X Y X Y Max Min Angle 
Residual -15 -33 -6 -13 -35 -17 
Loading 42 11 26 57 -4 30 
Residual + Loading 27 -22 20 34 -29 20 
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60 
L o a d i n g + Res idual 
Omax, L o a d i n g O n l y 
o o 0 -e 
2 4 0 3 0 0 3 6 0 
- 2 0 
Posit ion dur ing a Cycle , 6 (°) 
(a) 
4 0 
e - € 
6 0 1 2 0 1 8 0 2 4 0 
Posit ion dur ing a Cycle , 6 (°) 
(b) 
3 0 0 3 6 0 
Fig. 5.8 Comparison of maximum principal stress variation with and without 
initial residual stresses at locations: (a) L, and (b) Li. (Note: maximum 
principal residual stresses are -6 MPa and +25 MPa for L; and Li, respectively.) 
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Both the amplitude of maximum principal stress (cr , ) and the peak value of elastic 
strain ( ) for a complete loading cycle were calculated at all locations in the wheel 
(Fig. 5.9). The maximum values of stress amplitude and peak elastic strain occur just 
below the surface on the inboard side of the spoke near locations L, and L3. The 
combined effects of both cr^  and are used to determine the fatigue damage 
(Caton et al., 1999; Yi et ai, 2004). The larger variation or fluctuation of stress/strain 
increases the likelihood that fatigue cracks will initiate on or below the inboard surface 
of the spoke (Fig. 5.9). This effect is enhanced by the presence of pores. Although the 
maximum tensile residual stress occurs in the core of both the hub/spoke and 
rim/spoke junctions (Fig. 4.10), the relatively small elastic strain and stress amplitude 
variations in these interior regions limit fatigue crack initiation. 
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36 
20 m m 
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(a) 
20 m m 
I I 
(b) 
Fig. 5.9 (a) Stress amplitude and (b) peak value of maximum principal 
elastic strain occumng in a complete loading cycle. 
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5.4.2 Validation of Cyclic Stress Model 
The elastic strain variations measured at locations Li, L2 and L3 under the bending 
fatigue test loads of 2.4, 3.6 and 4.2 ±3% kN are compared to the predicted strains in 
Fig. 5.10. Both the measured and predicted elastic strains are defined as the strain 
change induced during a bending fatigue test, instead of the combined residual and 
loading strain state. Overall, both the predicted strain variation and its amplitude 
closely match the measured data. 
The deviation (z/ ,) between the predicted ( ) and measured ( ) peak 
elastic strain was calculated to assess the accuracy of cyclic stress prediction: 
mod(cyc) _ cxp(cyc) 
ft - ' X100T4 (5.1) 
"^ e 
The predicted strains are within - 2 0 % of those measured in the finish wheel 
(Table 5.2). The comparison illustrates that the cyclic stress model is capable of 
accurately predicting the strain and corresponding stress variation in a wheel during 
the bending fatigue test. 
Table 5.2 Deviation (7 , ) between measured and predicted peak elastic strains 
during a cycle. (Unit: %.) 
Locat ion 
L o a d ( k T ^ ) ^ \ ^ ^ 
L, u L3 
2.4 -1&8 7.9 14.1 
3.6 15.5 3.4 2 1 6 
4.2 -1.5 13.4 15.1 
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Fig. 5.10 Comparison of predicted elastic strain variation with measurements 
at locations: (a) Li, (b) L? and (c) L3 during bending fatigue tests under 
different loads (2.4, 3.6 and 4.2 kN). 
5.5 Fatigue Life 
The through process modelling methodology was applied to predict the fatigue life of a 
wheel during a bending test. The final model combines the influence of microstructural 
features (porosity and secondary dendrite arm spacing) and the cyclic stress state 
(residual stress and applied load) to predict the fatigue life and allows the final 
performance of the wheel to be evaluated as a function of each processing step. 
The predicted fatigue life in a wheel during a bending fatigue test with a 2.4 kN load is 
shown in Fig. 5.11 with contour levels limited to 3x10* cycles to highlight areas with 
low fatigue life. The predicted fatigue damage, qualitatively characterised by the 
locations with reduced fatigue life, is concentrated on the inboard side of the spoke 
(Fig. 5.11(a)). The fatigue life is greater than 10* in all areas of the wheel which 
satisfies the manufacturer's product specification. 
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The fatigue hfe of wheels in the bending fatigue application was tested at a variety of 
loads to provide data for validation of the model. The predicted locations of the lowest 
fatigue life were found to correspond to the locations of experimentally observed 
cracks (C|, C2 and C3 in Figs. 5.11(b) & (c)). The good correlation between predicted 
and observed crack sites indicates that this technique is capable of accurately 
predicting fatigue crack initiation. The model predicts the initiation to be most 
probable here since both the peak stress/strain variation and the maximum pore size 
(and secondary dendrite arm spacing) arise at this location. 
In an attempt to provide a quantitative comparison, the three lowest values of the 
predicted fatigue life on the inboard side of the spoke (i.e. C,, C? and C3) were 
averaged to provide an estimate of the fatigue life. Furthermore, the variability of the 
fatigue life was assumed to be comparable to the standard deviation calculated at these 
points. As shown in Table 5.3, the measured fatigue lives fall within the predicted 
range. Table 5.3 also illustrates that the model is capable of describing the decrease in 
fatigue life with increasing load. Overall, the accuracy of the obtained results indicates 
that the through process modelling methodology is capable of predicting the fatigue 
life of cast aluminium alloy components in cyclic loading applications. 
Table 5.3 Comparison of predicted and measured fatigue lives at different 
cyclic loads. 




Predic ted Fat igue 
Life 
( r . 2 m 2 ) x l O ^ 
(2.6±0.4)xl0^ 
M e a s u r e d Fat igue 
Life* 
4 . 0 x 1 0 " 
'3.0x10^ 
N u m b e r of 
W h e e l s Tested 
2 
3 
Cycles until a crack of >5 mm was observed using dye penetrant. 
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Fig. 5.11 (a) Fatigue life prediction of the wheel under a 2.4 kN load, and 
comparison between (b) local view of the lowest fatigue life prediction and (c) 
experimentally observed fatigue crack locations. 
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5.6 Summary 
A through process modelling methodology was developed to predict the final fatigue 
behaviour of an A356 automotive wheel during bending fatigue tests, resulting from 
the compounded influences of all four processing/service steps: i) casting; ii) T6 heat 
treatment; iii) machining; and iv) the cyclic bending loads applied during 
service/testing. 
The multiscale model predictions due to microstructural features in the casting showed 
excellent agreement with measured values, including x-ray microtomographic 
observations of maximum pore size. An in-service stress model was compounded to 
relate the cyclic loading during service together with the microstructural features and 
residual stress state to calculate the final fatigue behaviour. The predicted final 
stress/strain variation (amplitude and peak values) was dominated by the applied 
bending load, while the residual stress primarily alters the peak value. Good agreement 
was found with strain measurements made during cyclic loading. Combining the cyclic 
stress state with microstructural predicfions, the final overall model illustrated 
excellent agreement with the experimental fatigue life measurements and crack 
initiation localisation observations. The through process model was thus demonstrated 
to be a suitable tool for predicting fatigue performance of cast aluminium alloy 
components in cyclic loading applications. 
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Chapter 6 Interaction of Key Factors Influencing Fatigue Performance 
The fatigue performance of a component is determined by both intrinsic (e.g. microstructure and defects) and extrinsic factors (e.g. residual stress and in-service loading), as demonstrated in the previous chapters. To evaluate 
fatigue behaviour of a component, it is required to quantify how the key factors 
interact to influence the fatigue performance. Both the design of component structure 
and manufacturing process parameters can then be optimised. 
In this chapter, the through process model was applied to predict the fatigue life of an 
A356 automotive wheel during bending fatigue tests, accounting for a wide range of 
microstructural features and stress states (residual and applied). This allowed the 
interaction of the key factors affecting fatigue behaviour to be quantified. 
6.1 Multiscale Through Process Modelling Methodology 
Fig. 6.1 summarises the multiscale through process model developed to predict the 
final fatigue performance of an A356 automotive wheel undergoing cyclic service 
loading. A multiscale model of the solidification was coupled with models of 
subsequent heat treatment, machining and final in-service loading. A multiscale fatigue 
life model was used to couple the influences of the heterogeneous microstructure with 
the local stress state. 
Accounting for phenomena on different length/time scales, the resulting through 
process modelling methodology can be applied to investigate the influence of each 
manufacturing/service step on the final fatigue performance of a component. If 
performance criteria are not met, redesign of component or processing is needed. 
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4. In-service Loads: 
Cyclic stresses/strains 
Crack Initiation 
5. Performance: Fatigue life prediction 
Fig. 6.1 Multiscale through process modelling methodology and its results 
for fatigue performance of an A356 automotive wheel. 
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6.2 Interaction of Key Factors 
The sensitivity of the final fatigue performance of a wheel during a bending fatigue 
test to the following factors was quantified: i) microstructure, ii) residual stress and iii) 
applied load. The fatigue life was normalised using a baseline condition (A^f^) to 
assess how each individual factor affects fatigue life: 
vf = (6.1) 
The final predictions from the complete through process simulation were defined as 
the baseline condition with: i) microstructure ( and ^ ), ii) residual stress 
generated by a quench with a base convective heat transfer coefficient ( ) , and iii) 
cyclic service stress created by a 2.4 kN service load. From Table 5.3, is therefore 
equal to 1.2±0.2 x 10® cycles. 
6.2.1 Effect of Microstructural Features 
To examine the influence of microstructural features on the fatigue life, the pore size 
and secondary dendrite arm spacing were assumed to be uniform throughout the wheel 
and varied above and below a baseline or central case ( Z ^ = - 1 8 0 p,m and = 
30 i^m). For these microstructural values and all the perturbations on them, the lowest 
fatigue life was predicted to be at L,, suggesting in this application the stress 
conditions in the wheel dictate the location of fatigue failure while the microstructural 
features influence the overall life. 
The pore size (Fig- 6.2(a)) has a very strong impact upon the fatigue performance 
of the wheel. A critical value of pore size ( -100 pm) is observed in Fig. 6.2(a), above 
which fatigue resistance is predicted to be reduced. This result agrees with 
experimental evidence which suggests that when the pore size is larger than , 
fatigue cracks initiate at pores on or in close proximity to the surface of A356 
machined test specimens (Wang et ai, 2001a; Yi et al, 2004). In the current 
application, the total fatigue life is dominated by the propagation life (-90%). In the 
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absence of large pores, the evolution of fatigue damage becomes initiation limited and 
is affected by other microstructural features, such as Si particles and Fe intermetallic 
particles (Couper et al, 1990; Nyahumwa et al, 2001; Gao et al, 2004b; Yi et al, 
2004). 
The effect of changing 2^ for cases with the baseline predicted pore size (-180 |im) 
and with small (60 pm) pores is presented in Fig. 6.2(b). When the pore size is large 
( -180 |im) the total fatigue life varies inversely with ^ and the fatigue initiation life 
is negligible. In the case where the pore size is smaller than ^ , the initiation life 
dominates, with overall better fatigue performance and the same inverse relationship 
with ^2. The primary effect of decreasing in both cases is improved local yield 
strength which results in increased fatigue life. 
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Fig. 6.2 Predicted fatigue life as a function of microstructural features: (a) 
pore size and (b) secondary dendrite arm spacing. (Note: is the baseline 
fatigue life, 1.2±0.2 x 10' cycles.) 
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6.2.2 Effect of Residual Stresses 
Chapter 4 has illustrated that an increased quench intensity, characterised by the 
convective heat transfer coefficient ( ) , will increase the residual stress in a wheel 
following quench, resulting in higher tensile stresses in the core and increased 
compressive stresses at the surface. The effect on fatigue life of changing residual 
stress via the quench intensity is presented in Fig. 6.3. The fatigue life decreases as 
quench intensity is decreased with the largest variation shown when the residual stress 
is neglected (i.e. = 0, ^ = -0.78 or = 2*10^ versus = 1.2x10*'). Higher 
quench intensity increases the magnitude of the compressive residual stress on the 
surface, e.g. -5 versus -11 MPa for 0.5 and /Zg , respectively at L|, resulting in 
improved fatigue performance. In the current application, compressive stresses in the 
critical area enhance fatigue life. Other applications may exhibit the opposite effect, 
where the presence of tensile residual stresses accelerates fatigue damage. In either 









O . l x 
A Residual stress 
A No residual stress 
Quench Heat Transfer Coefficient (xAg) 
2.5 
Fig. 6.3 Predicted fatigue life as a function of quench heat transfer 
coefficient. (Note: N f ' is the baseline fatigue life, 1.2±0.2 x 10^ ' cycles.) 
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6.2.3 Effect of Applied Cyclic Loads 
The peak principal stress at the three example locations, L] - L3, increases linearly 
with loading level (Fig. 6.4) because the applied loads (<4.8 kN) do not cause plastic 
deformation. The rate of change (or slope) of the peak stress versus applied load 
decreases with distance from the centreline of the wheel, e.g. 23 MPa/kN at L, 
compared to 2.7 MPa/kN at L3 (Fig. 6.4). This indicates that the cyclic stress/strain 
response at the regions closer to the shaft is more sensitive to the loading magnitude. 
Fig. 6.5 shows that increasing the applied load during service significantly decreases 
the fatigue performance as one would expect. The results also show that fatigue life 
does not scale linearly with loads, which needs to be taken into account when applying 
this technique. 
Oh 











1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 
Applied Load (kN) 
Fig. 6.4 Dependency of peak cyclic stress on applied load at locations L,_3. 
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l O x 
0.0 i x 
Applied Load (kN) 
Fig. 6.5 Predicted fatigue life as a function of applied loading. (Note: is 
the baseline fatigue life, 1.2±0.2 x lO'' cycles.) 
6.3 Summary 
The sensitivity of the final fatigue behaviour of the wheel to microstmcture, residual 
stress and in-service loading was investigated and the impact of each parameter 
determined. The fatigue life and associated scatter were illustrated to be a function of 
microstructure, residual stress and in-service loading. Both the pore size and loading 
level have a significant impact on the fatigue behaviour, while residual stresses 
showed a moderate influence on fatigue life for the wheel. 
To improve the fatigue performance of a wheel in a bending fatigue application, 
microstructural features, residual stress, and applied load must all be optimised. For 
designer, these factors may be used to make changes in the component shape or 
manufacturing process to improve performance. 
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Chapter 7 Conclusions and Future Work 
Amultiscale, through process modelling methodology has been developed to predict the fatigue performance of cast aluminium alloy components, by simulating and tracking the effect of material processing steps (casting, heat 
treatment and machining) through to the in-service loading condition. This 
methodology was applied to investigate the final fatigue behaviour of an A356 
automotive wheel during bending fatigue tests, resulting from the compounded 
influences of: i) defects (porosity) and microstructure, ii) residual stress, and iii) the 
cyclic stress state arising during service/testing. Both individual process submodels 
and the through process model were validated via a series of experimental 
measurements on different scales. 
The conclusions drawn from this study are presented in this chapter, along with 
recommendations for future work. 
7.1 Conclusions 
1. A fundamental study was performed on the influence of 3D porosity upon fatigue 
damage evolution in A356-T6 specimens. Quantification using x-ray 
microtomography (XMT) illustrated that the average 3D pore size is statistically 
larger than that observed in 2D. Larger tortuous pores close to the surface are 
responsible for fatigue crack initiation. Their tortuous morphology can be 
equivalently simplified to be a sphere with the same projected area in the plane 
nomial to the loading direction so as to simulate the stress concentration around 
them. 
2. XMT scans of the intemipted fatigue test specimens showed that cracks tend to 
deviate towards pores in close proximity to the transverse plane normal to the 
loading direction. The crack growth rate is increased due to the presence of pores 
located ahead of the crack tip. The observation was supported by finite element 
analysis incorporating the XMT image data which indicated high stress 
concentrations both near pores and at the crack tip. 
3. A multiscale microstructural feature model for the first manufacturing step, the 
casting process, was used to predict the 3D pore size distribution and secondary 
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dendrite arm spacing throughout an automotive wheel. The predictions showed 
excellent agreement with measured values, including XMT observations of 
maximum pore size. 
4. The residual stress state in the wheel prior to service was predicted in a thermal 
stress model of the quench operation during heat treatment and material removal 
during the subsequent machining process. The quench-induced residual stress 
evolves mainly between 200 - 350 °C, leading to a predicted final stress 
distribution of compression on the surface and tension in the core. The predicted 
elastic strains during the quench were in good agreement with those measured 
using strain gauges and sequential sectioning. Subsequent machining relaxed the 
residual stresses, decreasing their magnitude by 10 to 20%. 
5. The residual stress predictions were found to be sensitive to the flow stress data of 
the material. The flow stress of an A356 alloy in the as-solutionised condition was 
measured using isothennal compression tests in a GLEEBLE 3500. It was found to 
be both temperature and strain rate dependent. By incorporating this data, the 
predicted strains matched the measured strains more accurately, halving the error 
as compared to as-cast data in regions that experience high strain rates during the 
quench. 
6. An in-service stress model combined the cyclic loading during service together 
with the microstructural features and residual stress state to calculate the final 
fatigue behaviour. The predicted final stress/strain variation (amplitude and peak 
values) was dominated by the applied bending load, while the residual stress 
primarily alters the peak value. Good agreement was found with strain 
measurements made during cyclic loading. 
7. Combining the cyclic stress state with microstructural predictions, the final fatigue 
life was predicted. The full through process model gave excellent agreement with 
the experimental fatigue life measurements and crack initiation location 
observations. 
8. The predicted fatigue life and its scatter were illustrated to be a function of 
microstructure, residual stress and in-service loading. Both the pore size and 
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loading level have a significant impact on the fatigue behaviour, while residual 
stresses showed a moderate influence on fatigue life for this wheel. 
The conclusions suggest that the multiscale, through process modelling methodology 
is a suitable tool for predicting fatigue performance of cast aluminium alloy 
components in cyclic loading applications. For the cast component designer, the key 
factors influencing fatigue (i.e. microstructure, residual stress and in-service loading) 
may be used to make changes in the component shape or manufacturing process to 
improve in-service performance. 
7.2 Future Work 
The following investigations could improve and extend this study on through process 
modelling in any future work. 
1. Although the shape and orientation of a 3D idealised pore have been shown to 
affect the stress concentration and hence fatigue crack initiation, the influence on 
fatigue life of highly tortuous pores, which are commonly found in castings, is not 
well understood. It is necessary to perform finite element analysis to investigate the 
stress concentration around highly tortuous 3D pores and how these pores can be 
simplified for modelling purposes and analytical approximation. 
2. Fatigue damage evolution is significantly influenced by the local stress state as 
demonstrated in Chapter 3, thus the fatigue life prediction needs to account for the 
local complex stress. However, the fatigue life calculation formula (see Eq. (2.5)) 
used in the through process model was derived for the uniaxial stress state. In order 
to develop a more accurate fatigue life constitutive equation, it is necessary to 
study the influence of stress ratio and multiaxial stresses on fatigue behaviour, and 
to incoiporate them into the model. 
3. It has been shown that the themial stress evolution is determined by the 
temperature history during quench, but the convection is assumed to be uniform 
over the surface of the wheel. To improve the quench-induced residual stress 
prediction, a model description of convective cooling during post-solution quench 
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is required to account for the variation of convection over the surface of each 
wheel, which is also influenced by both location and orientation of the wheel. 
Since the residual stress has a moderate effect on the fatigue resistance, and 
experiments showed the residual stress relief due to ageing is less than 20%, it is 
desirable to develop a model to predict the residual stress relief during ageing. 
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